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ABSTRACT OF DISSERTATION 
 
 
 
CHARACTERIZATION OF RARE EARTH ELEMENTS 
IN THE ILLINOIS BASIN COALS 
 
 
The purpose of this study is to characterize the distribution and occurrence of rare 
earth elements (REEs) in the coal and coal-related material from the Illinois Basin. For 
characterizing the distribution of REEs, 17 core samples were investigated from various 
parts in the basin. Also, several individual samples from coal preparation plants and 
isolated geological occurrences were included in the study. In result, the average REE 
concentrations were calculated on a bed-to-bed basis, although the distribution of REEs in 
the coal beds was found laterally and vertically heterogeneous. A number of trends were 
found that describe the variations. Most importantly, it was found that where samples of 
the Springfield and Herrin coal beds are away from syndepositional paleochannels, they 
have a higher ratio of heavy to light REEs; whereas nearer to contemporaneous channels, 
the ratio is lower. However, the total REE concentration was found to be higher near the 
channels. A similar trend was not observed in the Baker coal bed. 
Samples representing the Springfield and Herrin coal beds at places near to, and 
away from, the syndepositional paleochannels were prepared. The samples were subjected 
to leaching studies, both in raw and roasted forms. It was found that the near-channel 
samples are more desirable for REE leaching. Leaching was also done on a coal refuse 
sample originated from the Baker coal bed. The sample contained the highest concentration 
of REEs among the coal preparation plant samples. Approximately 55% of the REE 
concentration was released in the test—the highest recovery in the leaching studies. The 
Anna shale was found to contain the highest concentration of REEs between the roof rocks. 
Leaching an Anna shale sample resulted in a leachate with the same level of REEs as the 
Baker refuse, but with a higher concentration of heavy REEs. Another leachate with a high 
level of heavy REEs was produced through leaching of a clean coal product of a coal 
preparation plant. The concentration of Ce in the leachate was below detection limits and 
other light REEs were at a minimum. 
A sample representing the Baker coal bed was investigated by a chemical sequential 
extraction study. The study showed that most of the REEs can only get mobilized by 
     
 
complete digestion of the sample. The fraction the REEs that were mobilized were mostly 
heavy REEs, which increased in the mineral matter of the low-ash coals. Despite the 
obtained information, sequential extraction was found inefficient for assessing REE-
mineral associations due to the highly interlocked minerals. A novel characterization 
method was developed for investigating the REE-mineral associations. The method is 
based on creating a mineralogical array by dividing the sample into several subsamples and 
investigating the way the REEs vary respectively to the mineralogical array. The method 
was applied to the same Baker coal sample and showed that 65% of the sample’s REE 
content is associated with clay minerals, and 25% with calcite. 
 
KEYWORDS: Rare Earth Elements, Coal, Shale, Illinois Basin, Mode of Occurrence, 
Leaching 
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CHAPTER 1.  INTRODUCTION 
1.1 Lanthanoids, scandium, and yttrium 
Rare earth elements (REEs) are the fifteen lanthanoid elements from 57La to 71Lu 
except 61Pm which is unstable in nature and extremely scarce (Van Gosen et al., 2017), in 
addition to 21Sc and 39Y. Throughout the lanthanoid series in the periodic chart, the first f 
orbital (4f) is filled. This, not only gives the elements unique properties, but also makes 
them very similar to each other, because of the effect of added electrons to the f orbital 
and the minimum effect on the outermost electron shell. Because of this similarity, the 
lanthanoids usually occur together (Van Gosen et al., 2017) and their concentration is 
frequently reported as a total concentration. Yet, a systematic transition in properties from 
low to high atomic number lanthanoids (57La to 71Lu) are observed, due to their shrinking 
atomic and ionic radii despite the increasing atomic mass (Van Gosen et al., 2017). This 
phenomenon is known as the “lanthanoid contraction”. Lanthanoids are often classified in 
the literature into lights and heavies, and the ratio of their concentrations is used to describe 
the fractionation of a given total lanthanoid concentration. In this study, 57La through 63Eu 
are considered as light lanthanoids and 64Gd to 71Lu as heavies.  
Yttrium (39Y) is frequently considered in the group of rare earth elements because 
of its similar atomic and ionic radii, and therefore, chemical and physical properties, with 
heavy lanthanoids (Henderson, 1984; Van Gosen et al., 2017). Scandium (21Sc) is also 
sometimes considered in the group of REEs since it is similar to the elements in some 
aspects. However, its distinctions in other aspects, caused by smaller radius of its 3+ ion, 
warrants separate investigation of the element’s occurrence (Henderson, 1984). 
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In this study, rare earth elements (REEs) are defined as Sc, Y, and the lanthanoids. 
Where the ratio of heavy to light rare earth elements (H/L ratio) is reported, Sc is not 
considered in any one of the two subcategories as the atomic and ionic radii of the element 
are far from the range of the rest of the REEs. Y, Gd, Tb, Dy, Ho, Er, Tm, Tb, and Lu are 
considered as heavy rare earth elements (HREEs), whereas La, Ce, Pr, Nd, Pm, Sm, and 
Eu as the group of light rare earth elements (LREEs). Table 1-1 presents a summary of the 
abbreviations used in this study. 
 
Table 1-1  Table of abbreviations 
Abbreviation Definition 
REE Rare Earth Elements (lanthanides, Y, and Sc) 
HREE Heavy lanthanides and Yttrium (Y, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu) 
LREE Light lanthanides (La, Ce, Pr, Nd, Pm, Sm, Eu) 
H/L Ratio of total concentrations of HREE to LREE 
XRF X-Ray Fluorescence 
XRD X-Ray Diffraction 
ICP-OES Inductively Coupled Plasma Optical Emission Spectroscopy 
1.2 The importance of rare earth elements 
Rare earth elements (REEs) are valuable commodities. They are essential to many 
modern technologies such as magnets, catalysts, certain alloys, and electronics; especially 
in smart phones, computers, lasers, and other advanced electronic technology, including 
many technologies considered critical to many countries national security (Dutta et al., 
2016; Long et al., 2012; Van Gosen et al., 2017). 
Over 80% of the global rare earth elements (REEs) supply is produced in China 
(Packey and Kingsnorth, 2016). Most of the Chinese production comes from the ion-
exchangeable deposits in the weathering profiles of granitic rocks in Southern China (Van 
Gosen et al., 2017). The REE concentration in the deposits vary between 300 to 1500 ppm 
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(Bao and Zhao, 2008). Finding alternate sources and supply routes of REEs becomes 
progressively important since it is less likely that the current supply chain can be 
responsive of the increasing demand in long-term. This became more pronounced after 
2010 when China began limiting the export of REEs in favor of domestic consumption 
and environmental concerns (Dutta et al., 2016; Van Gosen et al., 2017). The increasing 
demands and economical security concerns have led many countries to investigate their 
own potential resources of REEs, including coal and coal-byproducts. 
1.3 Background studies 
In 2010, the United States Department of Energy, National Energy Technology 
Laboratory first assessed the possibility of coal as a potential REE resource (NETL, 2018). 
The Illinois Basin, also known as the Eastern Interior Basin, is a major coal-producing 
region in the United States, but little work has been done on REEs in coals of the basin. 
Harvey et al. (1983) and Chou and Harvey (1983) summarized coal quality data for the 
Illinois Basin coals including the Springfield and Herrin coal beds. Their studies focused 
on sulfur and those trace elements of potential environmental concern. For a select set of 
bench samples from the Herrin coal in Illinois, Harvey et al. (1983) found (1) Ce has 
slightly higher concentrations than the rest of the seam in a bench below the regional “blue 
band” parting, along with higher Ca/Mn/Sr concentrations, which suggested a carbonate 
association; (2) higher concentrations of Dy, Eu, Lu, and Sc in the blue band parting, an 
apparent association with clay minerals; and (3) increased Ce, La, and Yb with increased 
ash/clay content in the uppermost bench of coal. 
Not all coals naturally concentrate REEs, but many coals have been reported with 
higher-than-average REE concentrations (Dai et al., 2016; Eskenazy, 1999; Goldschmidt 
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and Peters, 1933; Hower et al., 2016; Seredin et al., 2013). The variety of pathways for 
REEs to accumulate in the coal-forming peats leads to variable concentrations of REEs in 
different coal beds and different parts of individual coals (Dai et al., 2008; Eskenazy, 1987, 
1999; Kosterin et al., 1963; Seredin, 1996). 
Herein, new samples from the Springfield, Herrin, and Baker coal beds from the 
southern portion of the Illinois Basin are investigated for their REE concentrations and 
possible correlations with other elements or geological events. These coals are the most 
heavily mined coals in the basin, comprising over 90% of the region’s coal production.  
Multiple detailed bench samples are examined from several active mines and exploration 
cores, and from the main streams of several coal preparation plants to investigate and 
compare the REE concentrations and correlations, and the lateral, vertical, and seam-to-
seam variations of the parameters in the most heavily mined coal beds in the Illinois Basin. 
1.4 Sampling and analysis methods 
1.4.1 Sampling 
Column samples were obtained either from exploration drill cores, or through 
cutting representative columns manually from active coal mines. Each column was divided 
into several benches based on a visual assessment of their lithological characteristics. 
Samples from coal preparation plants were collected in 20-minute increments for 
four hours using sampling devices designed to ensure equal contributions of incremental 
samples in the bulk, and that the samples were large enough to represent the stream 
according to its top particle size. Sampling on streams of each preparation plant were 
conducted simultaneously to prevent any bias by changes in the feed properties. 
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The brecciated coal samples were obtained from archived bulk samples or from 
archived polished sections by removing the surrounding epoxy. Coal ball samples were 
obtained by separating the coal from the carbonate concretions.  
Samples of Anna and Turner Mine shales were collected from exploration drill 
cores. Each shale core was sampled and analyzed in multiple benches. However, for the 
purpose of this study, the results of the analyses on benches of each core were numerically 
combined into one virtual sample based on their relative thickness to represent the whole 
thicknesses of the shale at every core location. 
1.4.2 Ash yield, sulfur, and mineral matter analysis 
The solid samples were pulverized to <250 µm using a shatterbox grinder. A 
subsample of the produced powder was obtained by cone and quartering according to 
ASTM International D–2013 method (ASTM, 2013b). The subsamples were used for ash 
yield determination according to the ASTM International test method D7582–15 (ASTM, 
2015). This was done using a Leco 701 thermogravimetric analyzer (TGA). 
The samples were categorized in three classes of ash yield defined: “coal” (less than 
25% ash), “high-ash coal” (25 to 55% ash), and “rock” (more than 55% ash). 
Since the ash yield is always less that the actual mineral matter content, the 
percentages of mineral matter were calculated using ash yields and sulfur contents. Parr 
formula (Parr, 1928) was used for this purpose (Equation 1-1). 
Mineral Matter =  1.08 Ash +  0.55 Sulfur Equation 1-1 
Total sulfur analyses were performed according to the ASTM International test 
method D4239–17 (ASTM, 2017), using a Leco SC-432 sulfur analyzer. An average sulfur 
content was assumed for those samples not been analyzed for sulfur. 
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Analyses were performed on the benches of each column. In order to describe each 
column as a whole, the data obtained from the benches of each column were numerically 
combined. The contribution of benches in the numerically combined data was determined 
by their thicknesses and estimated specific gravity. The specific gravity of each bench was 
estimated assuming densities of 1.25 g/cm3 for the organic matter fraction and 2.60 g/cm3 
for the mineral matter content of the bench. 
1.4.3 Rare earth element analysis 
For dissolution of the samples for REE analysis, the ashes were digested with aqua 
regia (1:3 mixture of nitric and hydrochloric acids) and hydrofluoric acid according to the 
ASTM International standard method D6357–11 (ASTM, 2011). The procedure was 
followed by an additional nitric acid digestion to ensure the digestion of any refractory 
mineral. The resulting solutions were then analyzed using a Thermo Scientific iCAP 6500 
Duo Inductively Coupled Plasma Optical Emission Spectrometer (ICP-OES) for REEs at 
the Kentucky Geological Survey. 
The direct results of analyses of the ashes are referred to as “ash-basis” results. To 
generate outcomes that represent the whole material prior to combustion, the ash-basis 
results were numerically converted using their corresponding ash yields. The converted 
results are called “whole-basis”, and used as the default basis for reporting the 
concentrations, unless specified otherwise. 
As declared by the Kentucky Geological Survey’s laboratory, the detection limits 
of the REEs on a solid sample-basis ranged from 0.1 ppm for Yb to 7.5 ppm for Nd; except 
for Ce which had a detection limit of 18.1 ppm. With every batch of 25 or less samples for 
digestion and ICP-OES measurements, a blank sample and two samples of “NIST SRM 
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Coal Fly Ash 1633b Standard” were analyzed. The recovery of REEs from the standard 
samples were monitored to ensure the accuracy of the analyses. 
The concentrations of those individual REEs that were below detection limits were 
still taken into account for calculation of total REE concentrations to reduces the risk of 
underestimating the total values. The below-detection-limit concentrations were also 
included in calculation of the average concentrations to avoid a bias toward higher 
concentrations. No other conclusions were made concerning below-detection-limit values. 
1.4.4 X-ray analysis 
Major and minor oxides, and selected trace elements were measured using a Bruker 
AXS S4 Pioneer X-ray fluorescence (XRF) analyzer in accordance with the ASTM 
International test method D4326–13 (ASTM, 2013a). Prior to XRF analysis, each ash 
sample was fluxed and diffused with di-lithium tetraborate (B4Li2O7) and/or lithium 
metaborate (LiBO2). The certified samples CANSPEX 2002-4, CANSPEX 2002-3, 
CANSPEX 2001-3, and NCS DC 73001 – NCS DC 73009 were used for calibration. 
X-ray diffraction (XRD) analyses were performed using a Bruker-AXS D8 
DISCOVER diffractometer operating with Cu Kα radiation. Scans were done from 2θ of 
3° to 80°, in 0.05°-steps, scanning each step for 2 seconds. 
The samples studied with XRD were low-temperature ashes of coal, and other low-
organic matter samples (<5%). The samples were ground to <250 µm, and manually 
compressed into a plastic sample holder prior to the analysis. 
 
 
 
CHAPTER 2. GEOLOGY OF THE MAIN ILLINOIS BASIN COALS 
2.1 Stratigraphy 
The upper Middle Pennsylvanian Springfield and Herrin coal beds in the Illinois 
Basin are in the Carbondale Formation, and the Baker coal bed is in the Shelburn 
Formation. Figure 2-1 shows the stratigraphy of the main coal beds in the basin, along with 
the nomenclatures used in Kentucky, Illinois, and Indiana, in addition to the modern basin-
wide nomenclature. The Springfield and Herrin coals extend across much of the basin 
(Figure 2-2 and Figure 2-3) and can be correlated into nearby basins, making them among 
the most widespread coals in the world (Greb et al., 2003; Wanless and Wright, 1978). 
The Baker coal bed is less extensive and is mostly restricted to the Kentucky part of the 
basin (Figure 2-4).  
2.2 Springfield coal bed 
The Springfield coal bed is one of the most extensive coal beds in the Illinois Basin 
(Greb et al., 2002; Hatch and Affolter, 2002) and one of the most heavily-mined coals in 
the basin, especially in the Western Kentucky Coal Field (Greb et al., 2002). The 
Springfield coal is 70- to 170-cm thick over most of its extent in the southern part of the 
basin (Figure 2-2). The coal bed is laterally continuous except where cut out by sandstones 
of the Henderson and Galatia paleochannels (Ault et al., 1979; Greb and Williams, 2000; 
Greb et al., 1992; Hatch and Affolter, 2002). The Galatia channel system was 
contemporaneous with the Springfield peat deposition and the coal locally splits, with 
increased  partings  and  ash,  toward  the  paleochannel  system  in  Illinois  and  Indiana 
 
 
Figure 2-1  Generalized stratigraphy of the Springfield, Herrin, and Baker coal beds, showing formational nomenclature of the three 
states in the basin. For this research, Kentucky’s nomenclature is used. Black arrows are sampled coals. White arrows are sampled 
shales. Positions of paleochannels are relative. 
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(Eggert, 1982; Nelson, 1983a; Smith et al., 1969). Across much of the basin, the 
Springfield coal is uniform in chemical composition and petrology (Hower and Wild, 
1982), but along the Galatia paleochannel, the coal is lower in sulfur content (Chou, 2012; 
Hopkins, 1983; Treworgy and Jacobson, 1979; White, 1913). Various aspects of coal 
quality, especially sulfur and mercury content, have previously been reported by Hower 
and Wild (1982), Hower et al. (2005), and Mastalerz and Drobniak (2007). Minerals in the 
Springfield and Herrin coals are summarized in Harvey et al. (1983) and Ward (1977). 
Hatch and Affolter (2002) estimated the remaining resources of the Springfield coal to be 
73.2 Gt. 
 
Figure 2-2  Isopach of the Springfield coal bed in the southern part of the Illinois Basin 
showing channel cutouts (yellow) and locations of columns (red circles) 
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2.2.1 Turner Mine Shale 
The Turner Mine shale is the immediate roof rock of the Springfield coal in most 
places (Figure 2-1). ‘Roof rock’ is a term used in the context of coal geology for the stratum 
that is overlaying a coal bed. The Turner Mine shale is a thin, black, fissile, organic-rich 
shale with marine macrofauna, indicating marine deposition (Ault et al., 1979; DiMichele 
and Nelson, 1989; McFarlan, 1943; Nelson, 1983b; Wanless and Wright, 1978). The shale 
is usually 60- to 150-cm thick (Nelson, 1983b). The sulfur content of the Springfield coal 
is high in places where the Turner Mine shale is its immediate roof. Along the Galatia 
paleochannel, in Indiana and Illinois, the Turner Mine shale rises in elevation above non-
marine (tidally-influenced) gray shales and siltstones of the Dykersburg shale, and the 
Springfield coal tends to be lower in sulfur content (Archer and Kvale, 1993; Chou, 2012; 
Hopkins, 1983; Treworgy and Jacobson, 1979). Nelson (1983b) reported that the lithology 
of the shale is uniform throughout its extent. 
2.3 Herrin coal bed 
The Herrin is also a basin-wide, extensive coal bed (Hatch and Affolter, 2002; 
Weisenfluh, 2011), and one of the most productive coal beds in the Illinois Basin, 
especially in the Illinois Coal Field (Weisenfluh, 2011). As shown in Figure 2-3, the coal 
bed is more than 1-m thick across a large part of the southern part of the basin. It is very 
thick, but ultimately cutout along the Walshville paleochannel in parts of Illinois, and is 
cutout by the Henderson paleochannel and the Providence Limestone in a vast area of 
western Kentucky (Damberger et al., 1980; Hatch and Affolter, 2002; Weisenfluh, 2011). 
Unlike the Springfield coal, the Herrin coal has distinctive, extensive partings (e.g. in 
Figure 5, H-KY-1). The coal is divided into two benches by a prominent basin-wide 
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carbonaceous claystone parting known as the “blue band” (Nelson, 1983a). In some areas 
the coal also contains the “steel band”—a pyritic parting below the blue band. Additional 
partings and splits are common toward the Walshville paleochannel (Damberger et al., 
1980; Kravits and Crelling, 1981; Nelson, 1983a). Various aspects of the Herrin coal 
quality are reported in Hower and Wild (1981) and Spies (1977). Hatch and Affolter (2002) 
estimated the remaining resources of the Herrin coal to be 74.0 Gt. 
 
Figure 2-3  Isopach of the Herrin coal bed in southern part of the Illinois Basin showing 
channel cutouts (yellow) and locations of column (red circles) 
 
2.3.1 Ragged edges of the Herrin coal bed 
The abrupt thinning of the Herrin coal in parts of the Western Kentucky Coal Field 
has been termed the “ragged edge” of the Herrin coal. In these areas, the coal grades into 
the Providence limestone through a narrow transition area of brecciated chunks of coal 
‘cemented’ together by a matrix of mineral matter. The brecciation starts from the 
lowermost bench of the coal and gradually develops toward the top of the seam. 
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Descriptions and interpretations of the phenomenon are described in Hower et al. (1987), 
de Wet et al. (1997), Hower and Williams (2001), O'Keefe et al. (2008), and Valentim et 
al. (2013). 
2.3.2 The Anna shale 
Across most of its extent, the Herrin coal bed is overlain by the black, phosphatic, 
carbonaceous, marine Anna shale (Figure 2-1). As with the Springfield coal, a gray shale 
(Energy shale) appears above the coal near the Walshville paleochannel and thickens 
toward the channel. Sulfur content of the underlying Herrin coal is less where the gray 
shale is thick beneath and along the margins of the paleochannel (Chou, 1984, 2012; 
Gluskoter and Hopkins, 1970; Gluskoter and Simon, 1968; Krausse et al., 1979; Kravits 
and Crelling, 1981; Treworgy and Jacobson, 1979). 
2.3.3 Coal balls 
Both the Springfield and Herrin coals may contain coal balls (Phillips et al., 1974). 
Coal balls are inorganic concretions and irregular masses of permineralized peat in coal 
beds, which commonly preserve detailed anatomy of plant structures from the paleo-peats. 
Many studies report the paleobotany of Herrin and Springfield coal balls (Demaris, 2000; 
Graham, 1934; Winston, 1986). Coal balls are usually calcareous, but coal balls with 
siliceous, pyritic, or sideritic matrices have been observed. At least five models of 
formation have been proposed for calcareous coal balls (summarized by Scott et al. 
(1996)), including precipitation of carbonates from marine waters during burial, meteoric 
water flushing during burial, or peat degassing during initial burial. 
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2.4 Baker coal bed 
In the western Kentucky coal field, the Baker coal bed ranks third behind the 
Springfield and Herrin coal beds in historical production. Unlike the previously mentioned 
coals, the Baker coal bed is in the Shelburn Formation (Figure 2-1) and is mostly restricted 
to western Kentucky (Greb et al., 1992; Hatch and Affolter, 2002). The coal is thickest in 
Webster County, parallel to the Anvil Rock sandstone (Figure 2-4). The Anvil Rock is a 
paleochannel that seems to have been contemporaneous with the original peat-forming 
swamp. Where thick, the Baker commonly contains multiple claystone partings (e.g. 
Figure 3-1, B-W-1) which thicken toward the paleochannel (Greb et al., 1992). Less 
research has been done on the Baker coal than the Springfield and Herrin coals, but the 
petrography of the Baker coal was reported in Trinkle et al. (1983). Hatch and Affolter 
(2002) estimated the remaining resources of the Baker coal to be 3.1 Gt. 
 
Figure 2-4  Isopach of the Baker coal bed in southern part of the Illinois Basin showing 
channel cutouts (yellow) and locations of column (red circles) 
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Unlike the marine black shales which form the immediate roof above the 
Springfield and Herrin coal beds away from paleo channels, the Baker coal is overlain by 
sandstones, interbedded sandstones and shales, gray shales with plant fossils, and coal 
riders associated with channel margin facies (Glenn, 1922; Greb et al., 1992; Palmer and 
Dutcher, 1979). Eastward, away from the Anvil Rock sandstone in Hopkins, Muhlenberg, 
and Ohio Counties, a thick gray shale separates the Baker coal from a persistent minable 
rider coal bed (see Figure 2-1). The miners historically referred to the coal rider as Baker-
B as opposed to the main bed, which was termed Baker-A. 
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CHAPTER 3.  DISTRIBUTION OF RARE EARTH ELEMENTS IN THE 
ILLINOIS BASIN COALS 
3.1 Samples types and sampling locations 
In this study, a total of 340 benches (lithologies) from 17 coal columns were 
studied. Column samples were either drill cores or channel samples collected from coal 
extraction sites. In either case, the column samples represent the thickness of the coal at 
each sampling location. Each column was divided into several benches based on a visual 
assessment of their lithological characteristics. 
Six columns represent the Springfield coal bed, two of which were from Kentucky 
(S-KY-1 and S-KY-2) and the rest from Indiana (S-IN-1 to S-IN-4). The location of 
Springfield columns in Indiana are close to the Galatia paleochannel (Figure 2-2) or its 
tributaries. Cores S-IN-1 to S-IN-3 were drilled in Knox County, Indiana, on the north side 
of the Galatia paleochannel along a feeder channel close to the eastern margins of the 
Springfield coal. The feeder channel is not depicted in Figure 2-2 since its discovery is 
recent and yet to be included in the data upon which the map was generated (W. John 
Nelson, Illinois State Geological Survey, personal communication, 2018). S-IN-4 is from 
a location in Gibson County, Indiana, along the south side of the paleochannel. In this 
report, the term “Springfield in Indiana” or “Indiana Springfield” is used to refer to the 
coal in the area represented by S-IN-1 to S-IN-4, and not from other places in Indiana. 
For the Herrin coal bed, three columns were collected (Figure 2-3) from Hopkins, 
Union, and Ohio Counties in Kentucky (H-KY-1 to H-KY-3, respectively), and one from 
Hamilton County in southern Illinois (H-IL). 
Seven columns of Baker coal were collected from western Kentucky (Figure 2-4). 
Five of the columns (B-W-1 to B-W-5) are from western side of the Western Kentucky 
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coal field in Webster County, proximal to the Anvil Rock paleochannel. The other two 
studied Baker columns (B-E-1 and B-E-2) are from the eastern side of the coalfield in Ohio 
County where a persistent coal rider (Baker-B) exists above the coal bed. 
Table 3-1  Coal preparation plant samples 
Sample 
Reference 
Code 
Preparation 
Plant Sampled Stream Feeding Seam County, State 
PP-1-1 A Coarse Refuse Springfield Ohio, KY 
PP-1-2 A Midsize Refuse Springfield Ohio, KY 
PP-2-1 A Coarse Refuse Baker Ohio, KY 
PP-2-2 A Midsize Refuse Baker Ohio, KY 
PP-3-1 B Coarse Refuse Baker-B Ohio, KY 
PP-3-2 B Midsize Refuse Baker-B Ohio, KY 
PP-4-1 C Plant Feed Herrin Hamilton, IL 
PP-4-2 C Coarse Refuse Herrin Hamilton, IL 
PP-4-3 C Clean Coal Herrin Hamilton, IL 
PP-5-1 D Plant Feed Baker Webster, KY 
PP-5-2 D Coarse Refuse Baker Webster, KY 
PP-6-1 E Plant Feed Springfield Gibson, IN 
PP-6-2 E Coarse Refuse Springfield Gibson, IN 
PP-7-1 D Plant Feed Springfield Webster, KY 
PP-7-2 D Clean Coal Springfield Webster, KY 
 
Fifteen samples were collected from selected streams of five coal preparation plants 
(Table 3-1). The samples include plant feed, clean coal product, coarse refuse (the rejected 
stream of treating the coarse fraction of the feed), and oversize stream of a high-frequency 
screen which dewaters the midsize refuse (the rejects stream of treating the midsize 
fraction of the feed). Samples from coal preparation plants were collected in 20-minute 
increments for four hours using sampling devices designed to ensure equal contributions 
of incremental samples in the bulk, and that the samples were large enough to represent 
the stream according to its top particle size. Sampling on streams of each preparation plant 
were conducted simultaneously to prevent any bias caused by changes in the feed 
properties. 
18 
 
To investigate the roof shales above the Springfield and Herrin coals, seven samples 
of the Anna and Turner Mine shales were included in the analyses. The samples AS-1 to 
AS-4 and TMS-1 to TMS-3 were collected from exploration drill cores in Hopkins County, 
Kentucky. Each shale core was sampled and analyzed in multiple benches. However, for 
the purpose of this study, the results of the analyses on benches of each core were 
numerically combined into one virtual sample to represent the whole thicknesses of the 
shale at every core location. 
Brecciated coal from the “ragged edge” of the Herrin coal was examined from the 
cores investigated by Hower et al. (1987) (samples 7866 to 7875, Hopkins County Core), 
de Wet et al. (1997) (sample 71629 core 197, and samples 71630 and 71631 from core 
179), and O'Keefe et al. (2008) (Herrin column, samples 71863 to 71865). All three cores 
were retrieved from different locations in Hopkins County, Kentucky. The sample 
reference codes from the original papers were retained for these samples herein to facilitate 
tracking the samples between the previous papers and this article. The samples were 
obtained from archived bulk samples, or from archived polished sections by removing the 
surrounding epoxy.  
Coal balls were collected from, the Herrin coal in White County in southern Illinois 
and in Union County, Kentucky. Sample CB-1 represents a combination of several coal 
balls from the H-KY-2 column. Coal ball samples were obtained by separating the coal 
from the carbonate concretions. 
3.2 Results of the Analyses 
Multi acid digestion and ICP-OES analysis on 1633b reference sample recovered 
86.5% to 95.1% of its total REE content with an average of 89.2% and a standard deviation 
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of 2.2%. The reference sample was analyzed 52 times during this study. Similar recoveries 
can be expected from the REE analysis performed on the samples for the purpose of this 
study.  
 
Figure 3-1  Four examples from the 17 studied columns. The column S-KY-1 is from the 
Springfield in Kentucky (away from its contemporaneous channel—the Galatia 
paleochannel), S-IN-1 from the Springfield near the Galatia paleochannel in Indiana, H-
KY-1 from Herrin, and B-W-1 from Baker. The same type of data presentation is 
available for other studied columns in the supplementary document. 
 
In Table 3-2, the REE and sulfur concentrations of column samples are 
summarized. Descriptions of each column, in addition to graphical presentation of their 
bench-by-bench analyses and their lithology are provided in the appendix. Figure 3-1 
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shows the analyses for lithotypes from four sample columns from the Springfield coal in 
Kentucky (S-KY-1), Springfield coal near the Galatia paleochannel in Indiana (S-IN-1), 
Herrin coal (H-KY-1), and the Baker coal (B-W-1). Coal lithotypes follow those described 
by Hower et al. (1990) and Stopes (1919). 
The results of the REE analysis on samples of coal preparation plants, the Anna and 
Turner Mine shales (roof shales), brecciated coals of Herrin, and the Herrin coal balls are 
presented in Table 3-3. 
Upon observing a very high concentrations of LREE in the sample number 7870-2 
(a brecciated coal sample), the immediate sections above and below this sample in the 
original core were analyzed (sample numbers 7870-1 and 7870-3) but similar 
concentrations were not found. It was assumed that the anomalously high concentration in 
7879-2 may be a very rare occurrence, and thus it was removed from the numerical 
analysis to prevent the ranges and averages from bias. 
In Table 3-4, the results of XRF analysis on the ashes from the roof shale samples, 
the blue band and steel band samples, the brecciated coal samples, and two coal ball 
samples are presented. 
 
 
Table 3-2  REE and sulfur analyses of the column samples. The REE concentrations are presented both on a whole-basis and an ash-
basis. Sulfur is on a whole-basis. W% column represents the weight percent of coal/high-ash coal/rock in the whole core. 
Column W% Ash Yield (%) S (%) 
Ash-basis 
REE (ppm) 
Whole-basis 
REE (ppm) H/L Ratio Column W% 
Ash Yield 
(%) S (%) 
Ash-basis 
REE (ppm) 
Whole-basis 
REE (ppm) H/L Ratio 
Coals (<25% ash) 
S-KY-1 100 9.7 3.2 275.7 26.7 0.37 H-IL 71 10.6 3 332.9 35.2 0.32 
S-KY-2 84 9.7 3.1 271.4 26.4 0.38 B-W-1 40 13.6 3.9 606.8 82.5 0.41 
S-IN-1 30 15.1 0.9 616.4 93 0.13 B-W-2 58 11.9 4.9 298.5 35.5 0.51 
S-IN-2 32 17.2 3.2 276.6 47.6 0.38 B-W-3 78 18.1 5.5 357 64.6 0.32 
S-IN-3 11 18.3 3.5 524.4 95.7 0.3 B-W-4 53 14 5.3 546.4 76.7 0.81 
S-IN-4 21 7.7 1.8 566.4 43.4 0.25 B-W-5 46 15.2 N/A 353.9 53.9 0.47 
H-KY-1 73 8.4 N/A 302.8 25.5 0.42 B-E-1 48 11.8 5.2 320.5 37.9 0.39 
H-KY-2 62 12.2 4.6 313.1 38.1 0.45 B-E-2 88 11.3 4.6 354.6 39.9 0.6 
H-KY-3 89 20 7.1 323.6 48.1 0.37               
High-ash coals (25%-55% ash) 
S-IN-1 25 46.9 0.4 301.2 141.4 0.19 B-W-1 6 41.5 2.9 467.9 194 0.3 
S-IN-2 51 34.7 2.8 383.9 133.4 0.3 B-W-2 7 38.2 16.4 239 91.5 0.23 
S-IN-3 16 38 6.4 365.1 138.6 0.26 B-W-4 14 34.9 4 434.4 151.4 0.36 
H-KY-1 8 28.2 N/A 207.6 58.6 0.38 B-W-5 9 48.2 N/A 340.5 164 0.2 
H-KY-2 14 34.9 5.7 249.2 87 0.37 B-E-2 12 26.5 3.1 356.8 94.5 0.52 
Rocks (>55% ash) 
S-KY-2 16 87.4 N/A 201.4 176 0.24 H-IL 29 85.1 2.6 263.4 224 0.22 
S-IN-1 45 81.8 0.1 246.5 201.8 0.2 B-W-1 54 84.3 6 379.6 320.1 0.26 
S-IN-2 18 80.1 0.8 250.1 200.5 0.18 B-W-2 35 88.4 1.8 347.8 307.5 0.25 
S-IN-3 73 77.6 2.6 291.9 226.5 0.23 B-W-3 22 91.8 0.5 327.8 300.8 0.2 
S-IN-4 79 92.4 0 283.1 261.7 0.23 B-W-4 33 84.2 3.5 372.3 313.4 0.25 
H-KY-1 19 90.3 N/A 244.1 220.4 0.21 B-W-5 45 86.7 N/A 333.5 289.3 0.2 
H-KY-2 24 86.2 1.3 367.8 317 0.24 B-E-1 52 57.3 1.6 423.2 242.3 0.23 
H-KY-3 11 87.6 N/A 389.1 340.9 0.13               
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Table 3-3  Analyses of samples from coal preparation plants, roof shales, Herrin brecciated coals, and Herrin coal balls. The REE 
concentrations are presented both on a whole-basis and an ash-basis. 
Column Ash Yield (%) 
Ash-basis 
REE (ppm) 
Whole-basis 
REE (ppm) H/L Ratio Column 
Ash Yield 
(%) 
Ash-basis 
REE (ppm) 
Whole-basis 
REE (ppm) H/L Ratio 
Coal Preparation Plant Samples 
PP-1-1 90.4 18.9 244.5 0.28 PP-4-3 9.9 365.2 35.9 0.34 
PP-1-2 71.9 29.5 183.6 0.3 PP-5-1 45.5 442.3 201.4 0.26 
PP-2-1 83.9 21.9 291.8 0.26 PP-5-2 83.8 432.7 362.6 0.27 
PP-2-2 80.6 32.1 248.6 0.28 PP-6-1 29.2 317.8 92.7 0.22 
PP-3-1 74.3 17.9 330.4 0.24 PP-6-2 90.8 297 269.5 0.28 
PP-3-2 66.5 21.8 323.4 0.24 PP-7-1 12.4 243.7 30.2 0.35 
PP-4-1 49.8 20.9 134.2 0.27 PP-7-2 9.9 281.7 27.9 0.35 
PP-4-2 86.9 21.1 239 0.27 PP-4-3 9.9 365.2 35.9 0.34 
Roof Shale Samples 
AS-1 70.7 28 237.8 0.42 TMS-1 85.1 294.4 230.5 0.32 
AS-2 68.9 31.8 245.9 0.47 TMS-2 84.1 333 259.3 0.37 
AS-3 72.1 39.8 271.7 0.46 TMS-3 69.5 303.2 194.3 0.43 
AS-4 72.6 35.9 273.1 0.46           
Herrin Brecciated Coal Samples 
7866 26 97 41.6 2 7875 38.3 262.5 100.6 1 
7869 5.8 28.1 13.4 0.4 71629 22.4 258.7 58 0.38 
7870-1 13.2 43.2 23.1 0.78 71630 13.1 294.1 38.6 0.22 
7870-2 8.8 13 730.1 0.06 71631 21.7 152.6 33.1 0.41 
7870-3 7.7 17.8 13 0.4 71863 22.9 257 58.7 0.37 
7872 44.6 64 67.4 1.49 71864 9.7 420.2 40.7 0.36 
7874 46.3 72 90.2 2.51 71865 28.9 262.2 75.7 0.55 
Herrin Coal Ball Samples 
CB-1 ≈100  294.4 0.27 CB-4 ≈100  272.1 0.38 
CB-2 ≈100  271.4 0.38 CB-5 74.7  10.7  
CB-3 ≈100   291.2 0.39 CB-6 81.8   6.1   
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Table 3-4  Chemical analysis of selected samples 
Analysis  Ash Yield (%) 
MgO 
(%) 
Na2O 
(%) 
Fe2O3 
(%) 
TiO2 
(%) 
SiO2 
(%) 
CaO 
(%) 
K2O 
(%) 
P2O5 
(%) 
Al2O3 
(%) 
SO3 
(%) XRF 
Total Method Thermo Gravimetry XRF XRF XRF XRF XRF XRF XRF XRF XRF 
Sulfur 
Analyzer 
AS-1 70.68 1.55 0.69 5.11 0.75 49.19 2.91 3.84 11.30 17.39 5.03 97.76 
AS-2 68.86 1.49 0.58 5.03 0.66 43.83 4.03 3.59 >15 15.04 6.01 >95.26 
AS-3 72.11 1.57 0.58 4.82 0.67 43.80 5.51 3.62 >15 15.72 5.44 >96.73 
AS-4 72.56 1.56 0.60 4.82 0.69 43.86 4.15 3.82 >15 15.95 5.69 >96.14 
TMS-1 85.05 1.99 0.72 7.56 0.75 50.57 2.19 4.08 0.81 18.68 5.97 93.32 
TMS-2 84.08 1.84 0.70 7.32 0.75 50.13 2.30 4.02 3.32 18.50 6.46 95.34 
TMS-3 69.51 1.59 0.62 7.56 0.73 43.31 2.51 3.66 0.35 15.33 7.61 83.27 
Blue band in 
H-IL column 84.19 0.37 0.67 4.74 1.05 58.39 0.28 0.95 4.74 23.10 10.01 104.30 
Steel band in 
H-IL column 57.09 0.18 0.16 72.19 0.42 12.20 0.25 0.59 0.02 6.19 0.27 92.47 
7866 27.25 1.10 0.51 5.27 0.21 30.57 37.19 0.60 0.64 7.08 14.80 97.97 
7872 38.4 7.73 0.55 11.93 0.21 27.98 27.07 0.68 0.07 6.65 16.50 99.37 
7874 39.63 10.69 0.53 12.88 0.13 23.14 34.14 0.47 0.26 5.37 8.60 96.21 
7875 38.32 10.45 0.48 12.66 0.13 21.86 33.42 0.46 0.26 5.28 13.70 98.70 
71629 22.42 0.60 0.12 19.50 0.48 49.73 8.08 0.99 0.10 6.46 11.74 97.80 
71630 13.12 0.41 0.41 20.89 1.00 52.46 2.40 1.65 0.05 17.64 1.95 98.86 
71631 21.69 0.52 0.34 44.96 0.63 38.90 0.79 1.40 0.03 10.78 0.80 99.15 
71863 21.41 0.68 0.56 37.81 0.70 24.88 5.19 0.43 0.21 15.35 5.99 91.80 
71864 9.37 0.37 0.37 52.85 0.81 22.51 2.92 0.88 0.08 9.71 3.22 93.72 
71865 27.62 1.39 0.26 25.83 0.33 23.50 20.00 0.30 0.25 6.01 23.50 101.37 
CB-5 74.73 3.30 0.05 3.30 <0.20 69.75 <0.1 0.03 0.05 <0.02 N/A 76.48 
CB-6 81.77 <0.20 0.05 0.80 <0.20 88.6 0.20 0.02 <0.02 0.02 N/A 89.69 
95% Confidence 
Interval 
-0.22 
+0.30 
-0.29 
+0.09 
-0.10 
+1.91 
-1.06 
+0.43 
-0.21 
+0.03 
-1.35 
+2.09 
-0.17 
+2.06 
-0.01 
+0.05 
-0.01 
+0.05 
-0.97 
+0.39 
-0.02 
+0.05  
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3.3 Variations within the coal beds 
3.3.1 Springfield coal bed 
In this study, two columns of the Springfield coal in Kentucky (S-KY-1 and S-KY-
2, Table 3-2), located 50-km apart, were studied. In addition, archived samples from 
preparation plant D in Webster County, Kentucky, were investigated (PP-7-1 and PP-7-2, 
Table 3-3). Despite the distance, the samples from these places show remarkably similar 
characteristics: they are in the range of 9.7 to 12.4% ash yield, 26.4 to 30.2 ppm of REE 
content, and 0.35 to 0.38 in H/L ratio. This consistency is typical of the Springfield away 
from contemporaneous paleochannels, and also appears to be true for its REE 
characteristics.  
Vertically, Springfield coal in Kentucky varies minimally but systematically. The 
coal in this area is undisturbed by any rock partings. If each of the two Kentucky 
Springfield columns is divided into three benches, the middle bench would have a lower 
ash yield and REE concentration on a whole-basis. On an ash-basis, however, total REE 
concentration is highest in the bottom bench. 
The four columns of Springfield coal collected from Knox and Gibson Counties, 
Indiana, close to the Galatia paleochannel differ from the two Kentucky columns. All the 
Springfield columns in Indiana were divided into two main benches by a coaly claystone 
parting varying between 27 and 203 cm in thickness and yielding 70% to 85% ash. The 
REE content of the parting is vertically constant even in the thickest parts. However, it 
varies laterally from 240 ppm on a whole-basis in Gibson County (on the south side of the 
paleochannel), to 160 ppm at a location in Knox County (north side of the paleochannel). 
The H/L ratio in this parting is almost constant around 0.20. Other high-mineral matter 
25 
 
bands (coaly claystones, dull clarains, and rashy coals) were present in these columns and 
contained 150 to 250 ppm REE with H/L ratios below 0.25. 
Compared to the two Kentucky Springfield columns, the coal fractions (<25% ash) 
of columns from Gibson and Knox Counties, Indiana, had higher ash yields and REE 
concentrations (Table 3-2). While the Springfield in Kentucky averaged less than 10% ash 
yield with REE content of 242 ppm on an ash-basis, those in Indiana had 14.6% ash with 
461 ppm of REE. The range of H/L ratios of the coal fractions from the Indiana columns 
were significantly lower than the coal in Kentucky (Figure 3-2–D). While the ranges of 
H/L ratio in coal fractions from Kentucky Springfield (and also Herrin and Baker coals) 
are always higher than the corresponding rocks (see 3.5.3  H/L ratio with sulfur), many 
coal samples from the Springfield coal in Indiana had lower H/L ratios than their 
associated rock fractions, and others were not as elevated as expected. 
 
Figure 3-2  Ranges of variations of ash yield and REE contents versus classes of ash yield 
(coal<25% - 25%<high-ash coal<55% - rock>55%) 
 
The sulfur content is considerably higher in the Kentucky part of Springfield 
compared to the investigated sites along the Galatia paleochannel (Table 3-5). This is 
consistent with previous research in the basin. 
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3.3.2 Herrin coal bed 
The sulfur content of coal fractions of the Herrin coal in Kentucky is 5.9%, where 
it is away from its contemporaneous channel (the Walshville paleochannel) and is overlain 
by the black marine Anna shale. The sulfur content decreases to 3.0% in the H-IL column 
from Hamilton County, Illinois, where the coal is closer to the Walshville paleochannel. 
Likewise, the H/L ratio drops from 0.41 in Kentucky to 0.32 in the Illinois location (Table 
3-6). 
The blue band parting is present in all four columns of the Herrin coal bed. The 
parting yields >80% ash and has the highest REE contents (220 to 320 ppm on a whole-
basis and 260 to 380 on an ash-basis) and lowest H/L ratios (0.11 to 0.22) among all the 
benches in every Herrin column. The blue band in Hamilton County, Illinois, has a lower 
REE content and even lower H/L ratio compared to the Kentucky samples. In the 
easternmost Herrin column (H-KY-3), the blue band is two times thicker, but has a similar 
REE content. 
The steel band (a pyritic parting) is present in two of the columns (H-KY-1 and H-
IL). It yields lower ash percentages than the blue band, but this is at least partially due to 
decomposition of pyrite upon combustion and the SO2 release. Lu and Yb have their peak 
concentrations in the steel band. The XRF analysis results on a blue band sample and a 
steel band sample are presented in Table 3-4. 
The average REE content in the Anna shale, which usually overlays the coal in 
Kentucky, is 257 ppm with an average H/L ratio of 0.44. The Anna shale contains 
phosphatic nodules that contribute in its high P2O5 content (Table 3-4). 
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The XRD analyses (presented in the appendix) of four out of six Herrin coal ball 
samples (CB-1 to CB-4) showed that they are mainly composed of calcite. The REE 
content of the samples ranged from 271 to 294 ppm with H/L ratios from 0.25 to 0.40 
(Table 3-3).  
Analyses of the brecciated coal samples from the margins of the Herrin coal bed 
(described in 2.3.1 Ragged edges of the Herrin coal bed) showed a severe depletion of 
most of the LREE and a less-severe depletion of most of the HREE, resulting in high H/L 
ratios. The brecciated Herrin coal samples are compared with non-brecciated Herrin coal 
samples in Figure 3-3. The unbalanced depletion in the concentration of REEs likely 
happened because the original mineral matter of the coal was diluted with the mineral 
matter that cement the coal breccia. For this to happen, the cements should have had 
significantly lower REE concentrations, but significantly higher H/L ratios. This is a 
characteristic of aqueous (dissolved) systems. Generally, aqueous systems contain higher 
concentration of HREE than LREE because HREE are more mobile (Sholkovitz, 1995). 
This suggests that the cements may have formed by precipitation from thermodynamically 
saturated aqueous solutions. 
Despite the depletion of total REE in the brecciated coal samples, some individual 
elements were elevated in different samples depending on the cement type. Interpretation 
of XRF analysis of the ashes of brecciated coal samples (Table 3-4) indicated multiple 
cements, including CaCO3, Fe2S (pyrite), FeCO3 (siderite), and in one case, a combination 
of CaSO4 (gypsum) and pyrite. Scandium was elevated in CaCO3-dominated samples 7866 
to 7875. Although the ash-basis Sc concentrations shows similar ranges in brecciated and 
non-brecciated Herrin coals in Figure 3-3, the highest ash-basis Sc values in the brecciated 
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samples were found in samples which were more affected by CaCO3 cementation (high-
ash brecciated coal samples), while the highest ash-basis Sc in non-brecciated Herrin coal 
samples occurred in low-ash coals. On a whole-basis, the CaCO3-cemented coal breccia 
contained 22 to 33 ppm of Sc while the average whole-basis Sc content in the columns 
samples is 8 ppm. Those brecciated coal samples with pyrite cementation (samples 71863 
to 71865 in Table 3-3) had the highest Lu concentrations observed in this study. 
 
Figure 3-3  Comparison of ashes of coals and high-ash coals from Herrin brecciated 
edges with those from Herrin in Kentucky derived from columns H-KY-1 through H-KY-
3. All the concentrations are on the ash-basis. 
 
3.3.3 Baker coal bed  
The Baker coal in Webster County (columns B-W-1 to B-W-5), close to its 
contemporaneous paleochannel, is divided into several benches by claystone partings 
ranging from 2 to 50 cm in thickness. One of the partings near the middle of the coal is 
locally persistent. While the middle parting usually had 200 to 400 ppm of REE, a 2-cm 
parting in column B-W-2 contained 900 ppm REE. The H/L ratios in these partings vary 
between 0.18 and 0.35. The abundance of partings causes high amounts of mineral matter 
in the run-of-mine material. Coal preparation plant D in this area receives a 45.5%-ash 
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feed. The coarse refuse material from this plant contained 363 ppm REE, the highest 
concentration observed in any of the preparation plant samples (Table 3-3). 
Coal fractions of the Webster County columns were 12% to 18% in ash yield, and 
contained 38 to 82 ppm REE on a whole-basis— 299 to 607 ppm on an ash-basis—with 
H/L ratios ranging from 0.4 to 0.8 (Table 3-2). These were the highest among all three coal 
beds. In a bench-by-bench comparison, the highest values of H/L ratio occur in coal 
benches adjacent to the claystone partings or at the roof rock. Exceptionally high H/L 
values (as much as 2.25) were found in the topmost coal bench and/or around the central 
parting. 
Column B-E-1 was collected from a location away from the syndepositional 
channel at the east side of the coal field. The bottom coal section in this column is the only 
sample in this study from the main Baker coal bed that is distant from the contemporaneous 
Anvil Rock paleochannel. In general, the coal thins with increasing distance from the 
syndepositional paleochannel. The Baker coal in this area had no partings and yielded 9% 
ash in column B-E-1 which is lower than the coal close to the paleochannel. The main 
Baker coal in this column had a total REE content of 35 ppm on a whole-basis and 407 
ppm on an ash-basis, with an H/L ratio of 0.57. These values are not significantly different 
from the Baker coal near the paleochannel. 
The coal rider above the main Baker coal is represented by the upper coal section 
in column B-E-1. The coal section has 14% ash yield, 40 ppm REE on a whole-basis and 
288 ppm on an ash-basis, and an H/L ratio of 0.31. The coal rider in column B-E-1 is 
separated from the main coal by 1.5 m of a carbonaceous shale with 57% ash yield. The 
shale layer had an REE content of 243 ppm on a whole-basis and 423 ppm on an ash-basis, 
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with an H/L ratio of 0.23. The lower and upper coals are separately extracted where the 
interlaying shale becomes substantially thick. Otherwise, the shale is mined and 
transported to the preparation plant with the coal. The coal preparation plant B was fed by 
the coal extracted from the coal rider (Baker-B) when the sampling was conducted for this 
study. The plant rejected a coarse refuse stream containing 330 ppm REE—the second 
highest REE concentration in preparation plant samples (PP-3-1, Table 3-3). 
The Baker coal roof rock samples (from the Webster County columns) contained 
minor amounts of associated organic matter. The samples showed an average of 240 ppm 
REE with an H/L ratio of 0.30. 
3.4 Comparison of the coal beds 
In Figure 3-2, the ranges of variations of H/L ratios and REE contents on ash- and 
whole- bases for each coal seam is depicted versus three classes of ash yield. 
3.4.1 Coals 
A comparison of the coal fractions (<25% ash, Figure 3-2) revealed that the 
Springfield coal in Kentucky has the lowest ash yields and also the lowest REE 
concentrations, both on whole- and ash- bases. The Baker and Springfield coals in Indiana 
had the highest ranges of REE content, but the Baker surpassed the Indiana Springfield in 
H/L ratio. In Figure 3-2–D, it is apparent that the range of H/L ratios in the Baker coal 
extends to higher values than the Herrin and Springfield coals in Kentucky, but the H/L 
ratio range of the Springfield coal in Indiana is lower than the other samples. 
3.4.2 Rocks 
Comparing the rock fractions (>55%-ash, Figure 3-2), it was observed that the 
range of ash yields for the Baker coal bed is well below that of the other coal beds. This is 
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due to the relatively lower ash yield of the shale sequence that separates the Baker coal 
from its rider, where the coal is away from the Anvil Rock paleochannel. The highest REE 
concentrations of rocks are found in the Herrin coal (Figure 3-2–B). This is because of the 
high concentrations in the blue band parting. However, this high range coincides with the 
lowest H/L ratios (Figure 3-2-D). Figure 3-2–C shows that the ash-basis REE 
concentration increases from the Springfield in Kentucky to the Springfield in Indiana, and 
then to the Herrin and then the Baker coals. 
Analyses of roof rock samples (from the columns and the independent roof shale 
samples) indicated that the Anna shale has the highest REE concentration (242 ppm 
average) between the roof rocks. The roof rock of the Baker coal bed ranked second with 
an average of 238 ppm REE. At the third rank, it was the Turner Mine shale averaging 210 
ppm REE. The Anna shale also had the highest H/L ratio. 
3.4.3 Run-of-mine 
To compare the coal beds in terms of run-of-mine material, all the data obtained 
from the columns and coal preparation plants were numerically combined and reported in 
Table 3-5. The table shows the averages of ash yields, sulfur contents, and concentrations 
of individual REEs for each coal bed. 
According to the Table 3-5, the Baker coal contains the highest concentrations of 
REE (177 ppm). The Springfield coal bed in Indiana was second with 129 ppm REE, 
followed by the Herrin and then Springfield coal in Kentucky. For half of the individual 
elements, however, the Herrin has similar to or higher concentrations than the Indiana 
Springfield. Sc, Pr, and Gd have higher concentrations in the Herrin coal, likely due to 
presence of the calcareous coal balls in the studied Herrin columns and the high 
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concentration of these elements in coal balls. The presence of the pyritic steel band and 
high concentration of Lu and Yb in this parting (described in 3.3.2 Herrin coal bed) is the 
likely reason for elevated Lu and Yb concentrations in the Herrin. 
The concentration of LREE and HREE follow the same ranking as for the REE 
(Baker coal has the highest and the Kentucky Springfield coal has the lowest 
concentrations). The Springfield coal in Kentucky, however, has the highest H/L ratio. 
While the sulfur contents of the Herrin, Baker, and Springfield coals in Kentucky 
ranged from 3.7% to 4.4%, the sulfur content in the Indiana Springfield coal was as low 
as 2.0% (Table 3-5). This is because of the proximity of the Indiana Springfield to the 
contemporaneous paleochannels, and the presence of the gray shale wedges in the roof that 
shield the coal from the influence of sulfate from the overlaying marine facies 
Table 3-5  Average ash yield, sulfur, and REE concentrations in coal beds. 
Sulfur is on a whole-basis. 
Coal 
Ash 
Yield 
(%) 
S 
(%) 
Ash-basis   Whole-basis 
H/L 
Ratio LREE 
(ppm) 
HREE 
(ppm) 
REE 
(ppm) 
 LREE 
(ppm) 
HREE 
(ppm) 
REE 
(ppm) 
Springfield (KY) 16.8 3.7 160 51 233  27 9 40 0.32 
Springfield (IN) 35.7 2 278 62 361  99 22 129 0.22 
Herrin 39.6 4.4 204 53 279  81 21 111 0.26 
Baker 43.4 4.2 302 82 407   131 36 177 0.27 
 
3.4.4 Coal preparation plant streams 
A comparison of samples from the coal preparation plants (Table 3-3) indicated 
that the highest REE concentrations occur in coarse refuse streams of those coal 
preparation plants that were fed by the Baker run-of-mine coals. This refuse contained 363 
ppm REE with an H/L ratio of 0.26. Baker midsize refuse ranked second with an average 
REE content of 330 ppm and an H/L ratio of 0.26. The highest Sc contents (>20 ppm on a 
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whole-basis and around 30 ppm on an ash-basis) were found in midsize refuse of those 
plants beneficiating Kentucky Springfield and Baker coals. 
On an ash-basis comparison, the clean coal and feed streams tend to have higher 
REE concentrations than the refuse streams. 
3.5 General trends 
3.5.1 REEs with ash yield 
As Figure 3-2–B illustrates, the REE concentration on a whole-basis increases with 
the ash yield.  
The relationship between the ash yield and the REE concentration on an ash-basis 
is presented in Figure 3-2–C. Based on this figure, it was concluded that the highest REE 
concentrations are observed in the ashes of the cleanest coals.  
Similar trends are reported by other researchers in other coals (Eskenazy, 1978; Lin 
et al., 2017; Zheng et al., 2007). 
3.5.2 REEs with clay minerals 
The mineralogy of REEs has not been a subject of investigation in this study as it 
requires a different methodology. However, an association of REEs with clay minerals can 
be suggested by looking into the distribution of REEs. Figure 3-4 shows the ranges of the 
REE concentrations in the investigated rock samples. The samples were either from the 
investigated columns or the refuse of coal preparation plants. The samples from the 
columns were either claystones or shales, but the preparation plant samples would 
normally be a mixture. In any case, the samples were comprised of clay minerals, quartz, 
and calcite in different proportions. Figure 3-4 also shows the REE concentration in ten 
naturally occurring calcite, quartz, and pyrite samples. The low concentration of REEs in 
34 
 
these samples, comparing with the claystone and shale samples, suggests a minimal or no 
association of REEs with the minerals. This signifies an association of the bulk of the REE 
content with the clay minerals. 
 
Figure 3-4  Comparison of the REE concentration in claystones and shales with the 
concentrations in naturally occurring mineral samples signifying an association of REE 
with clay minerals 
 
3.5.3 H/L ratio with ash yield 
In general, the H/L ratio of the cleanest coal fractions are significantly higher than 
the H/L ratio of the rock fractions (Figure 3-2–D). HREE appears to have an affinity to the 
mineral matter that is finely dispersed into the organic matter (mainly clay minerals) of the 
coal. Similar finding is reported by other researchers (Eskenazy, 1978; Honaker et al., 
2014; Lin et al., 2017) as well. However, excursions from this trend are observed in the 
Springfield in Knox County, Indiana. The domain of H/L ratio variations in those coals 
overlaps with, and extends below, the range of H/L ratios of the rocks (see Figure 3-2–D). 
The reason behind that is described below. 
3.5.4 REE content and H/L ratio versus distance from channels 
REE content of the coal samples increases toward syndepositional sandstone in 
each coal bed (Table 3-6). Since the syndepositional sandstones represent the distributary 
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channels contemporaneous to the peat deposition, the increased REE content near the 
sandstones can be attributed to the increased detrital deposition. 
In the Springfield and Herrin coals beds, the H/L ratio declines toward the 
syndepositional sandstones (Table 3-6). In the Baker coal bed, however, the coal near the 
Anvil Rock paleochannel has high H/L ratio, similar to the sample away from the channel. 
This can be attributed to the impact of overlying marine depositions on the Springfield and 
Herrin coal beds, and lack of such a deposition above the Baker. The relationship between 
the H/L ratio and the sulfur content of the coals (described under the next topic) signifies 
the same conclusion. 
Table 3-6  Comparison of the <25%-ash coal samples near and away from their 
syndepositional sandstones (paleochannels) 
Average value 
Springfield 
relative to Galatia 
sandstone 
Herrin relative 
to Walshville 
sandstone 
Baker relative 
to Anvil Rock 
sandstone 
Near Away Near Away Near Away 
Ash yield (%) 14.6 9.7 10.6 11.8 13.7 8.5 
Whole-basis sulfur content (%) 2.4 3.2 3.0 5.9 4.7 2.9 
Ash-basis REE content (ppm) 461 242 305 279 433 407 
H/L ratio 0.27 0.38 0.32 0.41 0.55 0.57 
 
3.5.5 H/L ratio with sulfur 
The sulfur and pyrite contents of the studied coal beds has long been attributed to 
the influence of marine burial. Higher sulfur contents in Illinois Basin coals are common 
beneath marine black shales like the Turner Mine and Anna shales. Lower sulfur contents 
are found where splays and less marine facies (“gray shale wedges”) occur between the 
coal and overlying marine facies near paleochannels (Figure 2-1). In the Herrin and 
Springfield coals, sulfur values are less beneath the Dykersburg and Energy shales because 
they shield the coals from the influence of the overlying black, marine shales. Away from 
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the channels and the protection of the gray shale wedges, the black Turner Mine and Anna 
shales become the immediate roof of the Springfield and Herrin coal beds and the sulfur 
content increases. As described under the previous topic, the H/L ratio of the underlying 
coal beds also increases in the same direction (Table 3-6), and therefore, the H/L and the 
sulfur content show a correlation that is depicted in Figure 3-5. 
 
Figure 3-5  Variations of H/L ratio versus sulfur content in coal fractions of studied 
columns. Red points represent columns, while blue points are related to benches of the 
columns. Shaded areas show the 95% confidence limits of occurrence. 
 
In Baker coal bed, the H/L ratios did not show a relationship with the distance from 
the paleochannel (Table 3-6). However, it was found that the Baker coal samples do follow 
the same sulfur-H/L ratio relationship. Therefore, the data points related to the Baker 
samples are included in Figure 3-5. 
3.5.6 The fate of REEs in coal preparation plants 
The above-mentioned relationship of REE concentration and fractionation with the 
ash yield dictates the fate of REEs in preparation plants. Upon density separation of 
material in separate circuits for coarse and medium feed particle sizes, the generated refuse 
streams were the richest in REE (up to 350 ppm). On an ash-basis, however, the clean coal 
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and feed streams tend to have higher REE concentrations than the refuse streams. REE 
concentration was always higher in the coarse refuse than the midsize refuse, but the H/L 
ratio was higher in the midsize refuse. Generally, coarse refuse would yield more than 80% 
ash, while midsize refuse would yield between 60 to 80%. 
3.6 Basin-wide averages 
The average ash-basis concentration of REEs in a typical run-of-mine sample from 
the studied portion of the Illinois Basin were estimated to be 320 ppm with an H/L ratio of 
0.26. The basin-wide average is reported on an ash-basis to reduce the effect of ash yield; 
the whole-basis concentration largely depends on the ash yield. This concentration can be 
converted to a whole-basis using the average ash yields provided in Table 3-5. 
3.7 Conclusions 
Some observations reported previously by other researchers studying other coal 
sources were confirmed in this study; 
a. the direct relationship between the whole-basis REE contents and the ash yield, 
b. the inverse relationship between ash-basis REE concentration and the ash yield, and 
c. the inverse relationship between the H/L ratio (ratio of heavy to light REEs) with the 
ash yield. 
The examination of 382 samples from Springfield, Herrin, and Baker coal beds and 
their associated strata demonstrated that: 
1. The highest REE concentrations in the studied coal beds are associated with increased 
partings and ash yields of coals near the syndepositional sandstones (paleochannels), 
likely from increased detrital contributions from the channels. 
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2. The H/L ratios in the Springfield and Herrin coal beds increase away from their 
contemporaneous channels. A similar trend was not observed in the Baker coal bed. 
3. A direct relationship was found between the H/L ratios and the sulfur content of the 
coals. For the Springfield and Herrin coal beds, marine burial likely increased the H/L 
ratios and the sulfur content of the coal. 
4. Partings and early- and late-stage mineralization greatly influence REE concentrations 
and fractionations. Examples are “ragged edges” of the Herrin coal bed, claystone 
partings, pyritic bands, and coal balls. 
5. Most of the REE contents appeared to be associated with clay minerals. Samples that 
were dominated by other minerals than the clay minerals were generally depleted in 
total REE content.  
6. A comparison of the roof strata between the three studied coals indicates the roof rocks 
of the Herrin coal (Anna shale) with 276 ppm and Baker coal with 260 ppm contain 
higher REE concentrations than the Turner Mine shale (229 ppm) overlying the 
Springfield coal bed. The Anna shale, with more phosphates and organic matter than 
the other roof rocks, also contained the highest concentration of heavy REEs of all 
analyzed roof strata. 
7. An average run-of-mine coal from the Baker coal bed with 43.4% ash yield was 
estimated to contain 177 ppm of total REE. Total REE averages are 129 ppm for the 
Springfield coal near the Galatia paleochannel in Indiana (35.7% ash), 111 ppm for 
Herrin (39.6% ash), and 39 ppm for the Springfield coal in Kentucky (16.8% ash). 
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8. Coal preparation plant refuse streams contain 230 to 360 ppm of total REE. Coarse and 
midsize refuse streams of coal preparation plants treating the Baker coals had the 
highest REE concentrations.  
9. The average ash-basis concentrations of REEs in a typical run-of-mine sample from 
the studied portion of the Illinois Basin were estimated to be 320 ppm with an H/L ratio 
of 0.26. 
10. In this study, the richest material that can potentially be used as an REE resource was 
the refuse material of coal preparation of the run-of-mine of the Baker coal bed. The 
REE concentration in this potential resource ranged between 310 to 360 ppm. This 
concentration level falls at the low end of the range of ion-exchangeable deposits in 
southern China. Therefore, an economically competitive production of REEs from the 
Illinois Basin coal and coal-related material would require low-cost production 
practices. This can be achieved by a combination of superior recovering technology, 
and/or by finding sources with enhanced leachability characteristics. 
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CHAPTER 4. LEACHING STUDIES 
4.1 The purpose of the study 
A number of trends in the distribution of REEs were found and reported in 
CHAPTER 3. The purpose of the leaching studies is to understand the changes in leaching 
characteristics of REEs along with the most important distribution patterns. This chapter 
provides an answer to the question that which parts of the Illinois Basin coal beds are more 
favorable for REE recovery. To that end, the leaching character of the highest grade coal 
preparation refuse material was investigated and used as a basis for comparison. The 
leaching properties of samples from places near the syndepositional sandstones were also 
studied and compared to those from places away from them. Moreover, the leaching 
character of the most prominent roof shales were investigated, and at the end, the leaching 
of REEs from high-organic matter samples (coal samples) were compared with low-
organic matter samples (refuse samples).  
4.2 Leaching method 
The leaching procedure is of a minimum importance in this study, as the focus is 
on the changing leaching character of REEs along with the geological trends. Therefore, a 
standard leaching procedure was developed and applied to the solid samples. 
The leaching solutions were 1 M (mole/liter) sulfuric acid (H2SO4), unless specified 
otherwise. De-ionized water and trace metal grade acid were used. 
In each test, 150 ml of leaching solution and 1.5 g of solid sample was used. Tests 
were conducted in 200-ml glass beakers at room temperature (≈20 °C) for 285 minutes. 
The mixtures were stirred at 350 rpm using magnetic stirrers over the duration of the 
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experiments. 6-ml samples were taken at 15-, 45-, 105-, 165-, and 285-minute points, and 
submitted for REE analysis after filtration. The effect of volume reduction as a result of 
sampling was taken into account in calculations. 
The particle size of the solid samples were <250 µm, unless specified otherwise. 
The samples were fed to the tests either in their raw form or after calcination. Calcination 
is the process of heating to high temperatures in the presence of oxygen. Zhang and 
Honaker (2019) showed cases where a calcination pretreatment enhance the leachability 
of the REEs. Calcination was done in a muffle furnace at 600 °C for 2 hours. 
At least one duplicate test was done with each test to ensure the reliability of the 
results. The leaching procedure is not meant to be comparable to any industrial leaching 
practice, nor being commercially viable. The sole goal of the leaching studies is comparing 
different feed samples for characterization purposes. 
4.3 Baker coal refuse 
In CHAPTER 3, a refuse stream from a coal preparation plant was noted to be the 
highest grade material among the studied samples that can be used as a feedstock (PP-5-2 
in Table 3-3 and Table 3-1). The coal preparation plant is located in Webster County, 
Kentucky, and was fed from Baker coal bed at the time of sampling. The sample was 
selected for leaching studies due to its high REE content. 
The standard leaching procedure was conducted on the raw sample, and the sample 
after calcination. The results are presented in Figure 4-1. The leaching procedures 
produced leachates with 1.6 and 2.4 ppm REE for the raw and the calcined samples, 
respectively. However, calcination appeared to hinder the recovery of HREEs. These 
results are used throughout this chapter as a reference for comparison. 
42 
 
 
Figure 4-1  Result of leaching Baker coal preparation plant refuse 
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4.4 Proximity to the paleochannels  
It was shown in the CHAPTER 3 that the concentration and fractionation of REEs 
in the Springfield and Herrin coal beds systematically change with the distance from their 
syndepositional sandstones. The sandstones represent the paleochannels that fed the 
original peat during the accumulation. The concentration of REEs increase in places near 
the paleochannels while the H/L ratio decreases. This part of the study was conducted to 
assess the possible changes in leachability of REEs along with this geological transition. 
Samples selected for this study were high-mineral matter fractions of Springfield 
and Herrin coal beds from near and away places relative to their contemporaneous 
paleochannels. The way each sample was obtained is described in Table 4-1, and the 
location of the samples are shown in Figure 4-2. 
 
Figure 4-2  Location of samples used for leaching studies relative to the position of 
contemporaneous paleochannels 
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Table 4-1  Samples of Springfield and Herrin coal beds selected for assessing their 
leaching characteristics relative to the distance from their contemporaneous 
paleochannels 
Sample Obtained through 
SN 
(Springfield near channel) 
Float-sink on the plant feed sample PP-6-2 
(Table 3-1) and recovering +1.55 fraction  
SA 
(Springfield away from channel) 
combining combing coarse and fine refuse 
samples (PP-1-1 and PP-1-2 in Table 3-1)  
HN 
(Herrin near channel) 
float-sink on the column sample H-IL 
(Figure 2-3) and recovering +1.55 fraction  
HA 
(Herrin away from channel) 
combining the high-mineral matter fractions 
of H-KY-2 (Figure 2-3) 
 
Table 4-2  Ash yield and REE content of the samples from near contemporaneous 
paleochannels versus those away from them 
Coal bed refuse   Springfield Refuse  Herrin Refuse 
Distance from channel Near Away  Near Away 
Sample SN SA  HN HA 
Ash yield (%) 87.78 80.37  78.72 71.17 
Whole sample-basis REE (ppm) 328.5 202.2  223.5 158.9 
Ash-basis REE (ppm) 331.1 432.7  283.9 223.3 
H/L 0.30 0.33  0.21 0.26 
 
Table 4-2 presents the Ash yield and the REE content of the samples selected for 
this part of leaching studies. The table shows that what was concluded in CHAPTER 3 
about the transition of ash yield, REE content, and H/L ratio of the coals relative to their 
distance from their contemporaneous paleochannels (the syndepositional sandstones) is in 
this case also visible in the high-mineral matter fractions of the coals. 
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Figure 4-3  Results of leaching on samples of the Springfield and Herrin coal beds 
relative to their distance from contemporaneous paleochannels 
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Standard leaching tests were conducted on the four samples and their calcination 
products (Figure 4-3). It was observed that the leaching of the samples near the 
paleochannels resulted in leachates with higher REE concentrations, with the recovery of 
REEs also following the same order (Figure 4-3). This shows that the higher REE 
concentration in leachates of near-channel samples is not only a result of higher REE 
concentrations in the feeds, but also a result of enhanced leachability of the REEs in the 
near-channel samples. 
The leaching tests also showed that calcination of the raw samples improves the 
leachability of REEs, but does not change the order of the samples in terms of leachability.  
The H/L ratio in the leachates were higher for raw samples of away-from-channel 
locations. However, the REE fractionation was significantly affected by calcination. 
Calcination lowered the concentration of HREEs in the leachates, except for the SN sample 
which was significantly increased. Figure 4-3 shows that calcination decreases the H/L 
ratio of the leachates by increasing the leachability of LREEs, and usually decreasing the 
leachability of HREEs at the same time. However, the SN sample showed an enhanced 
leachability of HREEs along with LREEs after calcination, therefore resulted in similar 
H/L ratios of leachates before and after calcination. 
4.5 The roof shales 
Samples from the Anna and the Turner Mine shales were analyzed in CHAPTER 3 
and the result of analysis are reported in Table 3-3. These shale strata overlay the 
Springfield and the Herrin coal beds across most of their extent. Depending on the mining 
method, the roof rocks are often partially to entirely mined with the coal; a justification 
for conducting leaching studies on the roof shale samples. The Baker coal bed is not 
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overlain by any similar prominent stratum, instead, a variety of roof rocks are observed on 
top of the coal bed in different places (3.3.3 Baker coal bed). 
As the data in Table 3-3 represents, the Anna shale samples have higher REE 
concentrations and H/L ratios, and lower ash yields comparing with the Turner Miner shale 
samples. Table 3-4 shows that the Anna shale samples also have significantly higher 
phosphate contents. Despite the contrast between the shale samples from the two strata, 
the samples from each stratum were remarkably similar in REE and chemical composition. 
Therefore, average samples of each shale stratum was produced by combining the related 
samples. The analysis of the average samples are presented in Table 4-3. 
 
Table 4-3  Analysis of the average Anna and Turner Mine shale samples 
Sample AS (Anna shale) 
TMS 
(Turner Mine shale) 
Ash yield (%) 70.1 79.6 
Whole sample-basis REE (ppm) 246.3 215.2 
Ash-basis REE (ppm) 351.4 270.3 
H/L 0.46 0.36 
Number of cores 4 3 
Total number of subsamples 66 43 
 
The standard leaching procedure was performed on the average raw and calcined 
samples of the Anna and Turner Mine shales. The results are shown, and compared with 
those from leaching the Baker refuse sample, in Figure 4-4. It can be seen from the figure 
that the Anna shale sample produced higher concentrations of both light and heavy REEs. 
Calcination improved the overall recovery of REEs. However, it reduced the recovery of 
HREEs in case of Turner Mine shale sample—similar to what was observed for most of 
the other material including the Baker refuse. The Anna shale sample behaved differently 
by exhibiting a significantly enhanced recovery of HREEs after calcination. 
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Figure 4-4  Result of leaching on roof shale samples comparing with Baker coal 
preparation plant refuse sample 
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Another anomalous observation in the leaching behavior of the Anna shale sample 
was that the HREE concentration and the H/L ratio increased with the leaching time 
(Figure 4-4). This, in addition to the unusual kinetics of leaching (the shape of the curves) 
might be related to the high amount of phosphates in the sample. 
The Anna shale sample released a similarly high concentration of REEs into the 
leaching solution as the Baker refuse sample. The concentration of HREE in the Anna 
shale leachate were significantly higher than that of the Baker refuse sample (Figure 4-4). 
4.6 Coal versus refuse 
As described in CHAPTER 3, the high-organic matter fraction of the coal has 
higher H/L ratio than the low-organic matter fraction. Due to the higher desirability of 
HREEs, the possibility of REE recovery from the clean coal products of the coal 
preparation plant was investigated. 
It was observed from the previous leaching studies that in most cases the HREEs 
are quickly released into the solution, and then partially precipitated as the test proceeds. 
This suggest that the kinetics of HREE dissolution is quick, which is a characteristic of 
ion-adsorbed type of association. Therefore, to test for this hypothesis and to target the 
HREEs, a mildly acidic solution (pH 2 H2SO4) with an ion-exchanging agent (0.1 M 
(NH4)2SO4) was used for leaching, at the solid/liquid ratio of 0.1 g/cm3 and room 
temperature. No particle size reduction was done on the samples for this leaching study. 
Samples were collected from the fine and ultrafine clean coal products and refuse 
of a coal preparation plant cleaning the Baker coal in Webster County, Kentucky (Table 
4-4). 
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Table 4-4  Analysis of the clean coal and the refuse samples used in leaching studies 
Sample Fine Coal 
Fine 
Reject 
Ultrafine 
Coal 
Ultrafine 
Reject 
Ash yield (%) 7.75 81.26 6.54 56.03 
Whole sample-basis REE (ppm) 30.6 258.2 25.2 166.9 
Ash-basis REE (ppm) 395.3 317.8 385.5 297.8 
H/L 0.40 0.22 0.50 0.27 
 
The concentration of REEs in the leachates of the performed tests are shown in 
Figure 4-5. The clean coal samples released a minor amount of REEs which later 
precipitated with an increase in pH. The ultrafine coal sample release twice as much REE 
as the fine coal sample, likely due to its higher surface area. The ultrafine coal sample was 
thus selected for further investigations. 
 
Figure 4-5  Result of pH 2 leaching on clean coal and refuse samples 
 
Another set of leaching tests were conducted on the ultrafine coal sample with the 
goal to stop the reaction before the pH increased and caused the REEs to precipitate. For 
this purpose, 10-minute leaching tests were conducted followed by filtering the solids out 
of the solution after each leaching, and using the leachate for a next leaching of another 
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fresh subsample of the same coal. The cycle was repeated five time. After each round a 
sample was taken from the leachate for REE analysis. The results are shown in Figure 4-6. 
 
Figure 4-6  Results of consecutive rounds of leaching on ultrafine clean coal samples 
using the leachate from earlier stage for the next round 
 
It is apparent from Figure 4-6 that the leachate concentration increases after each 
round of leaching by a relatively-constant amount, resulting in a nearly-linear trend. After 
five rounds, the leachate reached the concentration of 1.1 ppm. The increasing REE 
concentration and H/L ratio shows that they could further increase with additional leaching 
rounds, before they eventually flatten. 
Figure 4-6 also reveals that over two thirds of the dissolved REEs are HREEs, and 
this increases with the added number of leaching rounds. With this exceptionally high H/L 
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ratio, the concentration of HREEs in the leachate was at the same level of the Anna shale 
leachate and higher than the Baker refuse leachate. The concentration of Ce in all the 
leachates of the ultrafine coal sample was below the detection limit. 
Considering the desirability of the HREEs and the difficulties associated with 
separating REEs from each other, leaching the ion-exchangeable HREEs from the high-
organic matter fractions of coal can be of economical promise. 
4.7 Conclusions 
1. Those samples obtain from the Springfield and Herrin coal beds that were obtained 
from places near the contemporaneous paleochannels showed an enhanced leachability 
of REEs relative to those collected from away places. 
2. Calcination enhanced the recovery of REEs, but usually only the LREEs. The Anna 
shale sample and the Springfield sample near its syndepositional sandstone were 
exceptions with enhanced recoveries of HREE after calcination. 
3. The Anna shale sample can be regarded as a potential alternative source of REEs due 
to its favorable leaching character, especially for HREEs. 
4. By leaching the ion-exchangeable portion of REEs from the ultrafine clean coal 
products, a leachate with high concentration of HREEs and low concentration of 
LREEs can be obtained.  
5. If the total REE concentration is sought, the Baker refuse, the Anna shale, and the 
Springfield refuse near the Galatial paleochannel would be the desirable feedstock. If 
higher concentration of HREE is the goal, clean coal products and the Anna shale are 
the most desirable sources. 
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CHAPTER 5. SEQUENTIAL EXTRACTION OF REES IN A BAKER COAL SAMPLE  
5.1 Why this sample? 
As shown in CHAPTER 3, the Baker coal bed contains the highest concentration 
of REEs among the studied coal beds (Table 3-5). It was also shown that the coal cleaning 
refuse streams originated from the Baker coal bed have higher REE contents compared 
with those from other coal beds (Table 3-3, in accordance with Table 3-1). Moreover, the 
leaching studies reported in CHAPTER 4 indicated an enhanced leachability of REEs in a 
Baker refuse sample. Sample PP-5-1 (Table 3-1), a run-of-mine coal (coal preparation 
plant feed) from Baker coal bed in Webster County, Kentucky, was selected for the 
investigation. The REE analysis of the sample is presented in Table 3-3. 
5.2 Sample preparation 
The fractionation of REEs was found to be significantly different between low-
mineral matter fractions of coal, compared to the high-mineral matter fractions (3.7). It 
was also shown that acidic leaching on the low-mineral matter coals result in REE 
solutions with high H/L ratios (>1.5), and that the released HRREs dissolved rapidly (4.6). 
To incorporate the difference in the sequential extraction investigation, the selected coal 
sample was fractionated into subsamples from low to high mineral matter content. A series 
of six consecutive density separation procedures with an increasing cut-density were 
performed on the sample, as illustrated in Figure 5-1. The liquids used as the medium of 
separations were lithium meta-tungstate (LMT) solutions diluted with deionized water at 
different ratios to adjust the densities to the desired values. 
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Figure 5-1  Consecutive float-sink separations with increasing cut-density, and the XRD 
patterns of the obtained density fractions (subsamples) after low-temperature ashing for 
organic matter removal 
 
In result, the sample was divided into seven subsamples with increasing density, 
and thus, increasing mineral matter content. Figure 5-2 shows the relative weight of the 
subsamples, ash yields, and mineral matter contents. 
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To eliminate the shielding effect of the organic matter against an effective contact 
of chemical with the mineral particle, the organic matter of the subsamples were removed 
by low-temperature plasma oxidation treatment after pulverizing the subsamples to <250 
µm. The plasma unit provides a mildly oxidizing environment with enough strength to 
oxidize the organic matter at a slow pace, minimizing the alterations in the mineralogy of 
the samples. 
 
Figure 5-2  Weight %, ash yield, and mineral matter content of the subsamples obtained 
from consecutive float-sink procedures 
 
The low-temperature ashes of the subsamples along with the low-temperature ash 
of the original sample were investigated through sequential extraction procedure using the 
method described in the next section. 
5.3 Sequential extraction method 
A sequential extraction procedure is chemical dissolution of categories of minerals 
using different solutions in consecutive stages. It was initially developed based on non-
consecutive dissolution techniques for quantifying the abundance of minerals in soil 
samples. The dissolution techniques were later applied to investigate the mobility of trace 
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elements in consecutive stages of dissolution with increasing solvent strength. Soon after, 
the sequential method was applied for quantifying the mode of occurrence of trace 
elements. 
A sequential extraction protocol proposed by Tessier et al. (1979) has been widely 
applied for characterization of sediments, but different other protocols have been used by 
researchers for various applications. Shang and Zelazny (2008) summarized the protocols 
and illustrated the target minerals of the extraction stages. 
The important considerations in building an appropriate protocol of sequential 
extraction are: 
1. selecting the stages according to the mineralogy of the samples to make sure, if 
chemically possible, that the mineral constituents are being targeted by one 
stage; and, 
2.  avoiding any unnecessary stages in order to minimize the effect of alteration 
and unwanted dissolution. 
The XRD analysis of the subsamples obtained through consecutive leaching 
procedures revealed their mineralogy to be a variable combination of clay minerals, quartz, 
pyrite, and calcite. Accordingly, the protocol described in Figure 5-3 was selected for 
studying the low-temperature ashes. 
At the first stage, the ion-adsorbed fraction of cations is targeted using an ion-
exchanging agent (ammonium sulfate). Ion-adsorption mainly occur at the negatively 
charged surfaces of the clay minerals. 
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Figure 5-3  The sequential extraction protocol used for investigating low-temperature 
ashes of coal 
 
A reducing agent is used at the second stage where most of the accessible calcium 
carbonate (CaCO3) is expected to dissolve. Calcium carbonate often cements the clay 
minerals together. Dissolving the calcium carbonate is a standard stage for liberating clay 
minerals in soil studies. The significant amount of clays that are liberated in this stage 
releases a significant potential for ion-adsorption. Therefore, ammonium sulfate is again 
used in this stage to recover the ion-adsorbed cations onto the newly-released clay 
minerals, and also to prevent the dissolved cations from being re-adsorbed to the clay 
minerals. 
The acidified hydrogen peroxide treatment in stage three targets the residual 
organic matter and the sulfide minerals. Pyrite is the main mineral dissolved in this stage. 
Due to significantly different amounts and particle sizes of pyrite in the subsamples, this 
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stage should be repeated until bubble generation from the mixture ends. Even though this 
stage effectively dissolves pyrite, the potentially associated REE ions are prone to 
precipitate as oxides and hydroxide in the highly oxidative environment of hydrogen 
peroxides. 
The fourth stage is designed to recover the REEs that would have been mobilized 
in the fourth stage, but did not because of the oxidative environment. A strong acidic 
solution (20% v/v HNO3) was used for this purpose with a short exposure time (1 h). This 
stage also dissolves any other oxidizable forms of REEs, if available. 
At stage 5, the residual solids were completely digested using aqua regia and 
hydrofluoric acid, according to the standard method described in 1.4 Analysis methods. 
After stages 1 to 4, the mixture was centrifuged at 4000g for 5 minutes. A 10 ml-
sample of the supernatant was sent for REE analysis. The solids were then washed with 
20 ml deionized water and centrifuged again. This second supernatant was discarded and 
the solids were used for the next stage. 
The sequential extraction protocol shown in Figure 5-4 was developed for high-
temperature ash and calcined samples, but was not used in this study. The high temperature 
causes more-severe alterations in the mineralogy of the samples, of which oxidation of 
pyrite to iron oxide is the most important. In sequential extraction of such samples there is 
no need for a stage to dissolve pyrite, but rather a stage is required for targeting the iron 
oxide. Therefore, the hydrogen peroxide stage is replaced with a citrate-bicarbonate-
dithionite (CBD) treatment in Figure 5-4. The high pH in CBD treatment does not allow 
REEs to stay in solution, they are susceptible to precipitation as hydroxides. Hence, a nitric 
acid treatment is also required here to recover the precipitated REEs. 
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Figure 5-4  A sequential extraction protocol for investigating high-temperature coal ashes 
and calcined samples 
5.4 Results of Sequential extraction 
The sequential extraction protocol shown in Figure 5-3 was applied on low-
temperature ashes of subsamples obtained from the consecutive float-sink fractionations 
(Figure 5-1) and on the original Baker coal. To ensure the correctness of the results, one 
duplicate procedure was conducted for each sample. The recovery of REEs in each stage 
of sequential extraction for all the subsamples is shown in Figure 5-5. The results show 
that most of the REEs in all the subsamples remain in the residues. However, an increasing 
contribution of ion-exchangeable REEs was observed at the lighter subsamples. Nearly, 
32% of the REEs in the lightest subsample were recovered using the ion-exchanging agent. 
The hydrogen peroxide treatment followed by nitric acid dissolution recovered a 
maximum of 8.3% of REEs which occurred in case of the heaviest subsample. The REE 
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recovery using acetic acid peaks in the heaviest and the 1.6 specific gravity fractions; 4.5% 
and 3.3%, respectively. 
 
Figure 5-5  REE recovery in each stage of sequential extraction for seven subsamples 
 
Figure 5-6 shows the results of the sequential extraction for HREE and LREE, 
separately. It shows that the exchangeable fraction of HREEs has a greater contribution in 
total HREE, than what was observed for total REE. The contribution was at its maximum 
of 48% in the lightest subsample, but generally reduced with increasing density. The 
LREEs, on the other hand, hardly showed any recovery in any stage other than the 
complete digestion. A similar trend was observed by performing sequential extraction on 
the low-temperature ash of the original Baker coal sample, as illustrated in Figure 5-7. 
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Figure 5-6  Recovery of HREE and LREE in each stage of sequential extraction for seven 
subsamples 
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Figure 5-7  Recovery of REEs by sequential extraction from the selected Baker coal 
sample after low-temperature ashing 
 
Figure 5-7 also shows the recovery of individual REEs during the sequential 
extraction. All the REEs, except for Lu, show recovery trends similar to either HREE or 
LREE. Lu, however, peaks at the fourth stage. 
5.5 Discussion 
Looking into the difference between the behavior of Lu with other REEs in 
sequential extraction lead to important conclusions. It was observed, and reported in 
CHAPTER 3, that Lu concentration is elevated wherever pyrite concentration is elevated. 
Stage 4 in sequential extraction is designed to recover those REEs that were released from 
oxidation of pyrite in stage 3. Therefore, pyrite is the reason for the high concentration of 
Lu in stage 4. 
Pyrite is different from other minerals in that it occurs is relatively large and 
liberated grains. Other minerals, on the contrary, occur as interlocked mixtures of silica, 
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clay minerals, and, possibly, calcite. Figure 5-8 shows this by scanning electron 
microscopy (SEM) on the 2.0 to 2.4 specific gravity subsample. This subsample contains 
the most calcite and one of the highest silica (quartz) contents within the subsample (see 
Figure 5-1 and Figure 6-2), but SEM was unable to find independent grains of them. This 
suggests that the minerals other than pyrite occur in highly interlocked and inseparable 
mixtures. 
 
Figure 5-8  SEM analysis of the 2.2 average specific gravity subsample 
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The highly-interlocked mineral matter (other than pyrite) obstructs the access of the 
chemicals in the sequences of extraction to the target minerals, resulting in an inefficiency 
of the method for characterizing the mineral-REE associations. The only mineral that 
meaningfully responded to the sequential extraction was pyrite, because of its liberated 
occurrence.  
5.6 Conclusions 
1. Performance of sequential extraction for characterizing the occurrence of REEs is 
limited by the interlocked occurrence of minerals. The sequences of extraction were 
unable to access the target minerals due to the interlock condition. 
2. Sequential extraction is an appropriate method to quantify the mobility of the REEs. In 
other word, the method is effective for investigating the accessible portion of REEs—
the apparent mode of occurrence of REEs. 
3. Other methods should be used to investigate the absolute mineral-REE associations, 
regardless of the interlocked occurrence of the minerals. 
4. Generally, most of the REE content was immobile, and therefore, was only recovered 
through complete digestion. However, the mobility increased in the mineral matter of 
the clean coal fractions (light subsamples). This can be due to larger contribution of 
ion-adsorption mode in the clean coal fractions and/or the enhanced access of 
chemicals to minerals due to smaller size of mineral matter grains in them. 
5. Mobility was also enhanced for the HREEs compared to LREEs. This is because larger 
portion of HREEs occurred in ion-exchangeable form. 
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CHAPTER 6. A NOVEL CHARACTERIZATION METHOD 
6.1 The need for a complementary/alternative method 
The mode of occurrence of an element in a sample is the set of information on the 
chemical specie that the element is associated with, and the type of bonding between the 
chemical specie and the element. Understanding the mode(s) of occurrence of the target 
elements is required information for designing an efficient mineral processing circuit. 
While the production of rare earth elements (REEs) is the topic of many researches, 
understanding the occurrence of the elements in many feedstocks is still challenging. This 
is mainly due to the low concentration and multiple and complex modes of occurrence of 
the REEs in the feedstocks. 
Currently, the only available method to assess the mode(s) of occurrence of REEs 
is through sequential extraction. It was concluded in CHAPTER 3 (5.6) that the sequential 
extraction, when used for investigating modes of occurrence, is limited by high level of 
mineral interlock. 
Applying sequential extraction for assessing modes of occurrence would 
incorporate the intrinsic assumptions that the dissolutions are perfectly selective, and that 
the trace elements are released and stayed stable in solution once their hosting chemical is 
dissolved. Limitations of sequential extraction for characterizing trace elements are 
described in the literature, e.g., in Nirel and Morel (1990) and Miller et al. (1986). The 
limitations can be summarized in: incomplete dissolution, progressive alteration of solid 
residues, high dependency on operating conditions, and readsorption/reprecipitation of the 
trace elements. The situation worsens for the REE application due to the higher 
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susceptibility of the elements to precipitate as hydroxides, and to be readsorbed onto the 
negatively charged surfaces such as those of clay minerals. 
6.2 Basis of the method 
Herein, a novel method for quantitative characterization of modes of occurrence of 
elements is proposed. The method is based on nonconsecutive imperfect physical 
separations followed by numerical analysis. The first stage in this method is dividing the 
sample into several subsamples by performing a physical separation in several progressive 
sequences. The physical separations, even though imperfect, form an array of 
mineralogical variations within the produced subsamples (Figure 6-1). Numerical analysis 
methods should be used to investigate the correspondence between the variation of the 
REEs and the varying mineralogy of the subsamples. An association of an element with a 
mineral can be assumed if the mineral is shown to be a controlling factor for the variations 
of the element. 
The numerical analysis should be able to test for different assemblies of the hosting 
minerals with different levels of contribution in the total trace/rare earth element content 
of, and select the right combination that best describes the variations of the element within 
the subsamples. Due to the complicity and non-smoothness of the trends, an evolutionary 
search method (genetic algorithm) was found to the best method of numerical 
optimization. 
It is important to note that neither a constant nor a linear mineral-element 
association are necessary assumptions in this method. However, in case of a variable 
mineral-element association, some information about the variation trend is required to be 
fed to the numerical methods. 
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Figure 6-1  Schematic of the method showing a simplified case where the physical 
separation created subsamples with an array of variations in the abundance of component 
A. Observing that the pattern of variations is mimicked by the concentration of element 
B, an association between component A and element B can be concluded. 
6.3 Executing the method 
This procedure was performed on the same Baker coal sample that was investigated 
by sequential extraction in CHAPTER 5. The same density fractionation was used for 
generating the required subsamples. The sample was subjected to six consecutive density 
separations with increasing cut densities, producing seven density fractions (subsamples) 
as shown in Figure 5-1. The subsamples were weighed and analyzed for their ash yield 
(results shown in Figure 5-2). 
The organic matter of the subsamples was extracted using both high-temperature 
and low-temperature ashing. For low-temperature ashing, the samples were treated in a 
low-temperature plasma chamber to obtain their mineral matter with a minimum alteration. 
This was done because the organic matter of the subsamples should be removed to prepare 
the samples for x-ray diffraction (XRD) studies, but the usual high-temperature ashing 
drastically alters the mineralogy. The high-temperature ashes were used for x-ray 
fluorescence (XRF) analysis. 
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The obtained organic-free samples were investigated for their chemical 
composition using XRF, and mineralogy using XRD. The obtained XRD patterns are 
presented in Figure 5-1 with the main peak of the detected minerals labeled. Variations of 
Fe2O3 and SO3 in the XRF analysis of the subsamples was used to represent the variations 
of pyrite and gypsum. The sample-to-sample variations of the intensity of the diffraction 
peaks were used to numerically represent the variations of the other minerals. The resulting 
mineralogical trends are shown in Figure 6-2-A to F. 
The mineralogical trends were used to describe the variations of every individual 
REE within the subsamples. For each REE, the mineralogical trends (𝑀𝑀𝑖𝑖𝑖𝑖 in Equation 6-1) 
were multiplied by a constant number (𝐴𝐴𝑖𝑖 in Equation 6-1) and the difference between the 
summation of the products and the REE concentrations in the subsamples were minimized 
by adjusting the constant numbers. This represents a constant mineral-element association. 
However, it is known that the load of some elements on the mineral matter of the low-
density (low-ash) subsamples exponentially increases relative to the high-ash subsamples 
(3.5.1 REEs with ash yield). To account for this non-linear association, a loading factor 
was defined as Equation 6-2. By considering the loading factor into the minimization 
problem, Equation 6-1 is obtained in which SSD (sum of squared differences) is the target 
of minimization. 
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Equation 6-1 
𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 𝐹𝐹𝐿𝐿𝐹𝐹𝐹𝐹𝐿𝐿𝐹𝐹 (𝐿𝐿𝑖𝑖𝑖𝑖) = 1 +
𝐶𝐶𝑖𝑖
(𝑥𝑥𝑖𝑖)𝑛𝑛𝑗𝑗
 
 
Equation 6-2 
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In Equation 6-1, 𝑁𝑁𝑠𝑠 and 𝑁𝑁𝑚𝑚 are the numbers of subsamples and minerals, 
respectively, and 𝐸𝐸𝑖𝑖𝑂𝑂 is the observed concentration of element 𝐸𝐸 in subsample 𝐿𝐿. 
In Equation 6-2, 𝑥𝑥𝑖𝑖 is the average specific gravities of subsample 𝐿𝐿, and 𝐶𝐶𝑖𝑖 and 𝐿𝐿𝑖𝑖  
are constants that must be estimated through minimization for mineral 𝑗𝑗. A zero value of 
𝐶𝐶 reduces Equation 6-2 to one (1 + 𝐶𝐶) and represents a constant association that does not 
change with the average specific gravity. In this study, the loading factor is only considered 
for clay minerals (kaolinite and illite) due to their capacity to adsorb metallic cations. For 
other minerals, to eliminate the effect of loading factor in Equation 6-1, 𝐶𝐶 was considered 
to be equal to 0. 
The numerical minimization was repeated for each target REE. For each 
minimization, an evolutionary search method (genetic algorithm) was applied in Excel to 
find the mineral-element associations. This method was found to be suitable due to the 
non-smooth nature of the variations in the minimization problem. After the minimization, 
the fraction of element E concentration associated with mineral 𝐿𝐿 in subsample 𝑗𝑗 (𝐸𝐸𝑖𝑖𝑖𝑖𝐶𝐶 ) is 
calculated using Equation 6-3. 
𝐸𝐸𝑖𝑖𝑖𝑖𝐶𝐶 = 𝐴𝐴𝑖𝑖𝑀𝑀𝑖𝑖𝑖𝑖𝐿𝐿𝑖𝑖𝑖𝑖 Equation 6-3 
The derived mineral-element associations at this point are on a mineral matter basis. 
The numbers were back-calculated to the whole coal basis using the ash yields of the 
subsamples. The whole-basis mineral-element associations of the subsamples were then 
combined according to their contribution in the original sample before density 
fractionation. 
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Figure 6-2  Possible controlling factors that will be used in numerical calculations to 
build a model that can describe the elemental variations. Variations of quartz, illite, 
kaolinite and calcite are represented by the intensity of their main peak in XRD patterns. 
Variations of gypsum was estimated as described in Appendix 6.  
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6.4 Results 
In Figure 6-3, the outcomes of the procedure for those REEs with concentrations 
above the detection limits are presented. The concentrations of Tb, Ho, and Tm were 
mostly below detection limits. The red curves in Figure 6-3 show the variations of the 
elements within the subsamples. The colored curves show the calculated mineral-element 
associations. The mineral association curves are obtained by multiplying a mineral 
variation curve (Figure 6-2) by either a constant association or a variable association 
according to Equation 6-1. The mineral association curves show the calculated 
components of the total element concentration in each subsample and they should sum up 
to the total value. The dashed curve shows the summation of the calculated associations. 
The close agreement between the actual and calculated variations of the elements shows 
that the mineralogical variations can be used to quantitatively reconstruct the elemental 
variations. The components of this reconstructions process (colored curves) represent the 
associations of each element with the hosting minerals. 
The association numbers found at this point are on mineral matter basis and related 
to each subsample. The mineral-element associations in the original sample were back-
calculated using ash yield values and the weight fraction of each subsample in the original 
sample (Figure 5-2). The final results of the calculations are presented in Table 6-1. 
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Figure 6-3  Variations of REEs within the subsamples (red curves) closely described by a 
model (dashed curve) build by a combination of calculated mineral-element associations 
(colored curves) 
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Table 6-1  The quantitative associations of REEs with the minerals in the main sample as 
the final result of implementing the proposed method on a Baker coal sample. The 
percentages sum up to 100% in rows. 
Element Mineral Associations (ppm and %) Total (ppm) Kaolinite Illite Calcite Gypsum Pyrite Quartz 
Sc 15.6 6.4 4.1 0.4   26.5 
 58.7% 24.1% 15.6% 1.6%    
Y 25.5 14.3 4.1 0.3   44.2 
 57.7% 32.3% 9.4% 0.6%    
La 26.0 26.6 14.4 2.8   69.8 
 37.3% 38.1% 20.7% 3.9%    
Ce 73.7 26.1 37.3 6.8  25.2 169.1 
 43.6% 15.5% 22.1% 4.0%  14.9%  
Pr 3.7 10.7 5.3 0.3 2.0  21.9 
 16.9% 48.6% 24.0% 1.3% 9.2% 16.9%  
Nd 33.0 5.0 35.3 1.9   75.2 
 43.8% 6.7% 46.9% 2.6%    
Sm 4.2 1.9 5.9 0.4 3.3  15.7 
 26.7% 12.1% 37.6% 2.5% 21.1%   
Eu 1.3 0.8 1.3    3.4 
 38.0% 23.5% 38.5%     
Gd 3.7 3.3 6.7 0.1   13.8 
 27.1% 23.8% 48.7% 0.4%    
Dy 3.7 3.2     6.9 
 53.6% 46.4%      
Er 1.1 0.9  0.2 3.6  5.9 
 18.6% 15.1%  4.2% 62.1%   
Yb 2.8 2.2 0.0  1.2  6.2 
 44.6% 34.8% 0.7%  19.9%   
Lu 1.2 1.9 0.0  3.3  6.4 
 18.4% 30.0% 0.0%  51.6%   
REE 195.4 103.2 114.6 13.2 13.5 25.2 465.1 
 42.0% 22.2% 24.6% 2.8% 2.9% 5.4%  
LREE 141.8 71.1 99.5 12.2 5.3 25.2 355.2 
 39.9% 20.0% 28.0% 3.4% 1.5% 7.1%  
HREE 38.0 25.7 10.9 0.6 8.2 0.0 83.4 
 45.6% 30.9% 13.1% 0.7% 9.8% 0.0%  
H/L 0.27 0.36 0.11 0.05 1.53 0.00 0.23 
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6.5 Conclusion 
1. The mineralogical array formed by performing consecutive physical separations on a 
sample can be used to quantify element-mineral associations in the sample. 
2. Nearly 65% of the REE concentration in a Baker coal sample was found to be 
associated with clay minerals (kaolinite and illite). Calcite carries approximately 25% 
of the REE concentration, leaving only 10% of the REE concentration to be associated 
with other minerals. 
3. The H/L ratio of the REEs associated with the clay minerals in significantly higher than 
other minerals. 
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CHAPTER 7. SUMMARY OF CONCLUSIONS 
1. An average run-of-mine coal from the Illinois Basin coal beds would contain 320 ppm 
REE on an ash-basis with an H/L ratio of 0.26. 
2. The Baker coal bed contains the highest concentration of REEs among the studied coal 
beds. 
3. Among the coal preparation plants’ streams, the refuse streams contained the highest 
whole-basis REE concentrations. Those refuse stream originated from the Baker coal 
bed were higher than those from other coal beds. 
4. The Baker refuse not only contained higher REE content, but also releases a higher 
percentage of its content into the solution during the leaching studies. 
5. In the Herrin and Springfield coal bed, the REE content increases toward the 
syndepositional sandstones. However, the H/L ratio decreases in same direction. 
6. The coal refuse originated from places near the syndepositional sandstone showed an 
enhanced susceptibility for REE recovery than those originated from places away from 
the sandstones. 
7. Leaching of ion-exchangeable HREEs from the clean coal products of coal preparation 
plants using a mildly acidic solution results in a solution with same level of HREE as 
leaching the Baker refuse, but a very low concentration of LREE. This can potentially 
be an economical advantage, according to high cost of acid, low price of Ce, and 
difficulties associated with separating REEs from each other. 
8. The Anna shale can be regarded as a potential source of REEs, as the leaching tests on 
its samples yielded solution with similar REE concentrations as leaching the Baker 
refuse, and higher concentrations of HREEs. 
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9. Sequential extraction studies show that most of the REEs are immobile and can only 
be mobilized by complete digestion of the samples. The mobile fraction mainly 
comprised of HREEs, and increased in the mineral matter of low-ash coals. 
10. Except for pyrite, other minerals associated with coal (clay minerals, silica, and calcite) 
generally occur in highly interlocked mixtures. Pyrite, on the contrary, occurs in larger 
and distinguishable grain sizes. 
11. Due to the interlocked condition, the chemicals used in sequential extraction do not get 
complete access to their target minerals. This causes an inefficiency of sequential 
extraction approach to investigate the REE-mineral associations. Other methods are 
required for such an investigation. 
12. In response to the shortcomings of sequential extraction for assessing the REE-mineral 
associations, a novel method was developed. The method is based on fractionation of 
the sample into several subsamples, and evaluating the variations of REEs against the 
variations of the constituting minerals between them. 
13. Performing the novel characterization method on a run-of-mine sample from the Baker 
coal bed showed that approximately 65% of its REE content is in association with clay 
minerals (kaolinite and illite), 25% with calcite, and minor amounts with gypsum, 
pyrite, and quartz. The associations shift even more toward the clay minerals for the 
HREEs. 
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APPENDIX 1.  DESCRIPTION OF THE COLUMN SAMPLES 
S-KY-1 
This column of Springfield coal was subdivided into 25 vertically-continuous 
subsamples. The column was obtained from an exploration core that did not include roof 
and floor rocks. As depicted in Appendix Figure 1, ash yield and total REE on a whole-
basis decreased from the top and bottom towards the middle of the bed. The increment near 
the middle with an elevated ash yield contained 15-ppm Sc while the average Sc content 
of the column was 2 ppm. The ash that was produced by combustion of the coal from this 
increment was enriched in CaO as opposed to others being mainly siliceous. The average 
REE concentration in this column is 24 and 251 ppm on whole-basis and ash-basis, 
respectively, with an H/L ratio equal to 0.37. The column does not contain any rock 
partings. 
 
Appendix Figure 1  Petrography and REE variations in column S-KY-1 
 
S-KY-2 
This column of Springfield coal was collected from the Riverview mine in Union 
County, Kentucky, and divided into 22 lithological subsamples. Due to the heavy roof 
support system at the extraction site, the column does not include the roof rock. As with 
column S-KY-1, REE contents on a whole-basis and the ash yields decrease toward the 
middle of the column (see Appendix Figure 2). The floor rock contains 175 ppm of REE 
with an H/L ratio of 0.24 which is significantly lower than the H/L ratio in the coal body. 
REE characteristics of the coal in this column are very similar to S-KY-1, even though 
their locations are more than 40-km apart. 
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Appendix Figure 2  Petrography and REE variations in column S-KY-2. 
Legend same as in Appendix Figure 1. 
S-IN-1 
This column was obtained from a core from the Springfield coal in Knox County, 
Indiana. This column, similar to S-IN-2 and S-IN-3, are from an area adjacent to a branch 
of the Galatia paleochannel. The column was subdivided into 21 increments based on the 
apparent lithology. As shown in Appendix Figure 3, a claystone parting divides the coal in 
two benches. Both coal benches consist of consecutive layers of clarain and coaly 
claystone, but the lower bench has cleaner coal (lower ash and sulfur). Even though the 
cleanest coal increments in this column have ash yields around 15%, their sulfur contents 
are <1%. Averages of total REE concentrations in the coal, high-ash coal, and rock 
fractions of this column are 90, 134, and 192 ppm, respectively. A unique phenomenon 
observed in this column is that the H/L ratios in the coal increments are lower than rocks 
and high-ash coals. The average H/L ratio in coals of this column is 0.13, while it is 0.19 
and 0.20 in high-ash coals and rocks. The lowest recorded value of H/L ratio (0.08) in this 
research is a friable clarain increment in this column which also contains the highest ash-
basis total REE concentration in the column. 
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Appendix Figure 3  Petrography and REE variations in column S-IN-1. 
Legend same as in Appendix Figure 1. 
 
S-IN-2 
This column, located 2.3 km to the northeast of S-IN-1, was from a core with 
limited vertical extent, as shown in Appendix Figure 4. It was not possible to determine 
from the available data whether the coal in this column represented a continuation of either 
of the benches in S-IN-1. The column was divided into nine increments. The ashes of all 
increments contain less than 250 ppm of REE (significantly lower than S-IN-1), except the 
topmost increment which contains nearly 700 ppm. A carbonate concretion was visible in 
this increment and the analysis of the ash produced from this subsample showed elevated 
amounts of Sc and CaO in comparison with other increments of the column. The column 
averages 40, 127, and 192 ppm of REE in its coal, high-ash coal, and rock fractions, 
repectively. 
 
Appendix Figure 4  Petrography and REE variations in column S-IN-2. 
Legend same as in Appendix Figure 1. 
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S-IN-3 
The location of this column is <5 km to the south of S-IN-1 and S-IN-2 columns. 
It is nearly 4.5-m high and was divided into 38 increments. As is apparent in Appendix 
Figure 5, a 2-m-thick coaly claystone parting separates the top coal bench from the lower 
part of the coal. Chemical composition and REE characteristics of the parting resembles 
the middle parting in S-IN-1, suggesting to represent a single rock sequence formed by a 
locally extensive flooding event of the Galatia channel. The layers of coal below the parting 
are clarain, dull clarain, or rashy coal, which are high in ash yield. Coal, high-ash coal, and 
rock portions of this column average 91, 129, and 212 ppm of REE, respectively. Except 
for the topmost increments, the H/L ratio varies minimally throughout the column. 
 
Appendix Figure 5  Petrography and REE variations in column S-IN-3. 
Legend same as in Appendix Figure 1. 
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S-IN-4 
This Springfield core was drilled on the south side of the Galatia paleochannel in 
Gibson County, Indiana. The core was then subdivided into 21 increment subsamples. In 
this column, a 1.5-m-thick light-gray shale with plant fossil debris separates the two coal 
benches, both of them being without any other discontinuities (Appendix Figure 6). The 
ash yield in the upper coal bench decreases from top to bottom and REE content on an ash-
basis correspondingly increases with decreasing ash yield. The bottom 60 cm of the 90-
cm-thick lower coal bench was lost during core drilling and was not sampled. The middle 
shale layer, investigated in 10 increments, has consistent REE throughout its thickness. 
This implies a minimal effect of surrounding coals on the shale layer. On the other hand, 
the ashes of the coal increments immediately adjacent to the shale are rich in Sc, Y, and 
light lanthanides, decreasing the H/L ratios of these increments relative to coal increments. 
This might be due to addition of REE from the shale into adjacent peat above and below 
the parting. The average REE contents in coal and rock fractions of this column on a whole-
basis are 40 and 248 ppm with H/L ratios equal to 0.25 and 0.23, respectively. 
 
Appendix Figure 6  Petrography and REE variations in column S-IN-4. 
Legend same as in Appendix Figure 1. 
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H-KY-1 
This column of Herrin coal bed was collected from the Cardinal mine in Hopkins 
County, Kentucky, and was divided into 32 increment subsamples. The column did not 
include the roof rock because the ceiling of the mine had been covered with a heavy support 
system to help prevent roof falls. The column contains the blue band and steel band 
partings, as well as three fusain-pyrite bands within the coal. The blue band parting is 4.6-
cm-thick with very low percentage of organic matter (Appendix Figure 7). The whole-basis 
REE content of the parting is higher than other increments of this column (317 ppm), while 
its H/L ratio is lower than other increments (0.16). The highest ash-basis REE 
concentration in the column (923 ppm) occurs in the coal increment immediately beneath 
the blue band. This increment has a similar H/L ratio to that of the blue band, suggesting 
that some of the elements in the coal increment were leached from the blue band parting. 
The steel band is less than a centimeter thick in this column. Compared to the blue band, 
the steel band has a lower ash yield and a lower REE concentration (69 ppm on a whole-
basis). However, it has the highest H/L ratio recorded for a rock fraction in this study (0.6). 
Lu and Yb concentrations peak in this increment. On average, the coal increments below 
the blue band have a significantly higher H/L ratio (0.61) comparing with the increments 
above it (0.37). 
 
Appendix Figure 7  Petrography and REE variations in column H-KY-1. 
Legend same as in Appendix Figure 1. 
 
H-KY-2 
This core of Herrin coal bed was retrieved from the Riverview mine in Union 
County, Kentucky, 50-km to the northwest of H-KY-1. The core was divided into 28 
increments (Appendix Figure 8). The blue band in this column occurs closer to the bottom 
of the bed and has a high REE content on a whole-basis with a low H/L ratio. The steel 
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band was not present in this column. Coal balls were present in the upper coal bench, 
forming layers of high-ash coal. These layers show elevated concentrations of Sc, but no 
major difference in the REE. The roof rock is a gray shale with 333 ppm of REE and H/L 
ratio of 0.4, which are higher than an average rock and very similar to what is observed 
from Anna shale in Hopkins County, Kentucky.  
 
Appendix Figure 8  Petrography and REE variations in column H-KY-2. 
Legend same as in Appendix Figure 1. 
 
H-KY-3 
This column of the Herrin coal bed from Ohio County, Kentucky, is the easternmost 
column sampled. This column was divided into three increment subsamples (Appendix 
Figure 9). The underlying and overlying rocks are not included in this column as the 
column was collected from an active surface mine. The blue band in this column is 9-cm 
thick and separates the upper approximately one-third of the coal’s thickness from the 
remaining portion. The REE properties of the blue band in this column can be summarized 
as having a high total REE concentration and a low H/L ratio, similar to what was observed 
in other Herrin columns. The upper bench of the coal contains 10.3% sulfur which is one 
of the highest recorded sulfur concentrations in a coal (<25% ash) sample in this study. 
The average H/L ratio in this bench is equal to 0.41. The lower bench, however, contains 
5.2% sulfur and its H/L ratio equals to 0.34. 
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Appendix Figure 9  Petrography and REE variations in column H-KY-3. 
Legend same as in Appendix Figure 1. 
 
H-IL 
The northernmost Herrin sample column is from Hamilton County, Illinois, and 
was studied in 19 increment subsamples. As illustrated in Appendix Figure 10, most of the 
seam is a relatively clean clarain divided by the blue band and steel band partings into three 
benches. The ash yields of the benches increase from top to bottom, and so do the REE 
contents both on whole- and ash- bases. The blue band in this column contains 219 ppm of 
total REE with an H/L ratio of 0.11. This is one of the lowest H/L ratios recorded in this 
study. The steel band, however, is drastically different and contains 98 ppm of REE with 
an H/L ratio of 0.36. As with column H-KY-1, the steel band in this column contains the 
highest Lu and Yb concentrations. It also contains 33% sulfur while other increments of 
this column contain less than 5%. In addition, while ashes of other increments of this 
column are mainly siliceous, according to XRF analysis, the steel band’s ash contains 72% 
Fe2O3. The average total REE concentration of coal and rock fractions in this column are 
32 and 209 ppm with H/L ratios of 0.32 and 0.22, respectively. The average sulfur content 
of the column is 2.9%. 
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Appendix Figure 10  Petrography and REE variations in column H-IL. 
Legend same as in Appendix Figure 1. 
 
B-W-1 
This core was drilled into the Baker coal at a location in Webster County, Kentucky, 
and subdivided into 28 subsamples. The coal thins rapidly from this location toward north 
until where it is cut out by Anvil Rock paleochannel sandstones in less than a kilometer. 
As shown in Appendix Figure 11, the column consists of repetitive coal-claystone 
sequences with two layers of high-ash coal in between. The thickness of the claystone 
partings ranges from 3.5 to 50 cm. The total REE concentration in this column peaks at the 
topmost increment of the thickest claystone parting with 745 ppm on a whole-basis and a 
low H/L ratio (0.18). The highest REE concentration on an ash-basis (1257 ppm) occurs in 
the coal increment immediately below the topmost claystone parting, again with a low H/L 
ratio (0.18). The highest H/L ratios and other ash-basis REE peaks are found adjacent to 
the rock increments. The average of REE concentration in coal fractions of this column is 
75 ppm with an H/L ratio of 0.41. The average in rock fractions is 302 ppm of REE with 
an H/L ratio of 0.26. 
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Appendix Figure 11  Petrography and REE variations in column B-W-1. 
Legend same as in Appendix Figure 1. 
 
B-W-2 
This is the southernmost Baker column sampled. The core was divided into 35 
subsamples. Four claystone partings ranging from 2 to 30 cm in thickness, and one 25-cm-
thick fusain band are present in the coal. As illustrated in Appendix Figure 12, the thinnest 
claystone parting contains the highest whole-basis REE concentration recorded in this 
research (909 ppm) with an H/L ratio equal to 0.19. The highest H/L ratios are found in 
coal layers adjacent to the roof rock and the middle parting. The two outliers of H/L ratios 
in Appendix Figure 12 are related to the increments with elevated ash-basis Y contents. 
The underclay in this column has one of the highest recorded H/L ratios for a rock 
increment (0.52) due to relatively higher concentrations of Y, Gd, and Dy. The average ash 
yields, REE contents (whole-basis), and H/L ratios are, respectively, 11.9%, 32 ppm, and 
0.51 for coal increments, and 88.4%, 290 ppm, and 0.25 for rocks. 
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Appendix Figure 12  Petrography and REE variations in column B-W-2. 
Legend same as in Appendix Figure 1. 
B-W-3 
This is the westernmost Baker column. The column was studied in four increments 
and it does not include the floor rock (Appendix Figure 13). The parting present in this 
column contains 319 ppm of REE on a whole-basis with an H/L ratio of 0.19, which 
resembles the REE combination of the middle parting in column B-W-2, located 
approximately 2-km to the southeast. The total REE concentration in the upper coal bench 
is higher than the lower bench on both ash- and whole- bases. This is mainly due to 
depletion of Ce and Nd concentrations in the lower bench which also results in higher H/L 
ratio in the lower coal bench. The combined coals of this column yields 18.1% ash and 
contains 59 ppm of REE with an H/L ratio of 0.32. 
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Appendix Figure 13  Petrography and REE variations in column B-W-3. 
Legend same as in Appendix Figure 1. 
 
B-W-4 
This column of the Baker coal bed is from the same area as B-W-1 to B-W-3. It 
was studied in 22 increment subsamples (Appendix Figure 14). The column has only one 
rock parting near the middle of the bed, and three layers of high-ash coal. The middle 
parting contains 355 ppm of REE with an H/L ratio of 0.24. The central band of high-ash 
coal, contains almost the same concentrations of LREE comparing with the upper one, but 
is elevated in HREE. The lower band of high-ash coal is depleted in both heavies and lights. 
H/L ratios higher than 0.75 occur frequently in coal fractions of this column. The highest 
H/L ratios of this column occur immediately below the middle parting after which the value 
gradually decreases downward. The average ash yield, REE content, and H/L ratio in coals 
of this column are 14.0%, 72 ppm, and 0.81, respectively. These values are 34.9%, 142 
ppm, and 0.36 for high-ash coals, and 84.2%, 297 ppm, and 0.25 for rocks in this column. 
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Appendix Figure 14  Petrography and REE variations in column B-W-4. 
Legend same as in Appendix Figure 1. 
 
B-W-5 
This is the easternmost column in the area under study in Webster County. The 
column was divided into 25 increment subsamples (Appendix Figure 15). The column 
contains two rock partings and two high-ash coal bands. The upper rock parting averages 
240 ppm of REE with an H/L ratio of 0.22 while the lower one has 333 ppm and an H/L 
ratio of 0.18, mostly because the lower parting contains higher Ce concentration. Combined 
rocks (>55% ash increments) of this column contains 275 ppm of REE with and H/L ratio 
of 0.20. Comparing the high-ash coal bands (25%<ash<55%), the lower band has a lower 
REE content than the upper. However, the lower band has a higher H/L ratio and the highest 
Lu concentration. The ashes of the lower band of high-ash coal contain 80% Fe2O3 
suggesting a high pyrite abundance in the sample prior to combustion. On average, the coal 
fractions of the column contain 48 ppm of REE with an H/L ratio equal to 0.47. The highest 
H/L ratio of the column occurs at the increment immediately below the middle parting 
where Y concentration peaks. 
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Appendix Figure 15  Petrography and REE variations in column B-W-5. 
Legend same as in Appendix Figure 1. 
 
B-E-1 
This column was collected from the Baker coal in Ohio County, Kentucky, east of 
areas of thinning in Hopkins, Muhlenberg, and McLean counties. The coal here is overlain 
by a rider coal, so three samples were collected, one from the main coal, one from the 
intervening rock stratum, and one from the coal rider (Appendix Figure 16). The lower and 
upper coals are called the Baker-A and Baker-B, respectively. The lower coal (Baker-A) 
contains 8.6% ash and 2.9% sulfur while the rider coal (Baker-B) yields 13.9% ash and 
contains 6.6% sulfur. The two coal beds have similar total REE contents, but the lower coal 
has more Y and less LREE and thus, it has a higher H/L ratio. The intervening shale yields 
57% ash upon combustion and contains 230 ppm of REE with an H/L ratio of 0.23. The 
entire thickness of the shale is being mined with the coal and treated in the coal preparation 
plant to scavenge any recoverable organic matter from it. 
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Appendix Figure 16  Petrography and REE variations in column B-E-1. 
Legend same as in Appendix Figure 1. 
 
B-E-2 
This short column is from an area in Ohio County, Kentucky, where the Baker coal 
is at its minimum mineable thickness. It is unclear if the coal in this column represents the 
main baker bed or the rider coal on top of it. Since the column was sampled from an active 
surface mine, the column does not include any roof or floor rocks. The only band of high-
ash coal in this column is a clay-rich coal that yields 26.5% ash. The chemical composition 
of the ashes of the increments change radically from silica domination in the topmost and 
the high-ash coal increments to a ferric domination in the immediate increment above the 
clay-rich coal band. The H/L ratio increases through the shift from silica to iron dominance. 
The column averages 39 ppm of REE with an H/L ratio of 0.60. 
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Appendix Figure 17  Petrography and REE variations in column B-E-2. 
Legend same as in Appendix Figure 1. 
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APPENDIX 2.  LOCATION OF THE COLUMN SAMPLES 
 
 
Appendix Table 1  Coordinates of the column collecting locations in UTM system 
 
Column Coordinates 
S-KY-1 37°24'20"N 87°28'36"W 
S-KY-2 37°44'33"N 87°53'16"W 
S-IN-1 38°50'25"N 87°27'59"W 
S-IN-2 38°51'13"N 87°26'55"W 
S-IN-3 38°48'59"N 87°26'58"W 
S-IN-4 38°20'11"N 87°41'15"W 
H-KY-1 37°25'19"N 87°30'01"W 
H-KY-2 37°44'34"N 87°53'18"W 
H-KY-3 37°24'07"N 86°59'43"W 
H-IL 38°10'12"N 88°36'06"W 
B-W-1 37°29'16"N 87°46'01"W 
B-W-2 37°26'28"N 87°45'56"W 
B-W-3 37°27'13"N 87°46'31"W 
B-W-4 37°26'56"N 87°43'51"W 
B-W-5 37°27'39"N 87°44'51"W 
B-E-1 37°24'07"N 86°59'43"W 
B-E-2 37°21'20"N 87°06'09"W 
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APPENDIX 3.  XRD ANALYSIS OF COAL BALL SAMPLES 
 
 
 
Appendix Figure 18  X-ray diffraction pattern and semi-quantitative mineralogical estimation of coal ball sample CB-2 showing that 
the sample is mainly composed of calcite 
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Appendix Figure 19  X-ray diffraction pattern and semi-quantitative mineralogical estimation of coal ball sample CB-3 showing that 
the sample is mainly composed of calcite 
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Appendix Figure 20  X-ray diffraction pattern and semi-quantitative mineralogical estimation of coal ball sample CB-2 showing that 
the sample is mainly composed of calcite 
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APPENDIX 4.  REE ANALYSIS OF COLUMN SAMPLES 
 
Appendix Table 2  Ash yield, Sulfur content (whole-basis), and REE content 
(ppm, ash-basis) of the benches of the column samples. All values are on a dry basis. 
Description 
T
hi
ck
ne
ss
 
(c
m
) 
%
A
sh
 
%S Sc Y La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu 
S-KY-1 
Top of the bed 3.8 21.6 3.0 26 23 33 66 17 35 9 2 7 3 6 1 5 1 5 3 
Coal 
7.6 16.5 2.4 27 24 23 21 111 27 5 22 5 29 3 0 6 1 25 3 
10.2 11.1 3.2 20 25 22 49 16 19 15 1 6 4 9 0 5 1 5 7 
7.6 10.5 1.6 19 27 31 71 11 35 7 1 7 1 5 1 6 1 3 2 
5.1 5.1 2.1 25 45 22 59 17 33 13 2 10 3 10 1 6 1 5 5 
6.4 3.5 2.9 20 46 21 62 26 25 27 2 11 7 15 0 4 1 6 10 
6.4 4.4 2.0 28 46 47 115 24 59 15 2 14 2 10 2 7 1 4 3 
7.6 4.6 3.2 24 25 24 61 33 23 20 1 12 5 11 0 3 0 4 8 
7.0 3.6 2.4 32 29 30 74 35 37 10 2 14 3 8 0 4 1 3 4 
4.4 4.0 2.3 30 30 41 95 34 47 9 2 14 2 7 1 5 0 3 2 
3.2 18.1 0.6 85 15 13 7 110 20 0 0 32 1 3 1 1 1 1 1 
7.6 5.6 3.2 21 23 25 59 27 24 15 1 10 4 9 0 3 1 4 5 
3.8 6.7 2.5 36 30 28 63 42 31 8 1 16 3 8 0 4 1 3 4 
5.1 5.6 1.8 30 36 43 101 28 49 8 2 13 1 8 2 6 1 3 1 
7.0 4.9 2.1 28 38 41 92 24 44 11 2 12 2 9 1 6 1 4 2 
5.1 7.4 3.1 25 25 29 62 28 26 12 1 11 3 8 0 4 1 4 4 
6.4 6.1 2.3 34 35 34 74 32 35 6 2 14 2 8 1 5 1 4 2 
7.0 11.0 3.3 22 27 38 85 25 34 14 1 10 3 8 0 4 1 4 4 
8.9 13.2 5.2 9 15 24 56 22 11 24 1 6 6 11 0 2 0 5 9 
8.3 11.8 2.4 28 37 45 97 29 45 8 2 13 2 8 2 6 1 4 2 
6.4 8.9 2.1 25 40 57 123 20 50 12 2 10 2 10 3 7 2 5 2 
6.4 12.9 4.7 13 29 45 102 20 35 19 1 8 4 10 0 4 1 5 6 
7.6 14.9 6.6 12 23 35 78 23 21 23 1 7 5 11 0 3 1 6 8 
6.4 15.9 7.7 18 21 26 59 29 10 25 1 8 7 13 0 2 0 6 10 
Base of the bed 5.1 13.1 4.5 25 31 49 104 33 52 22 2 10 6 8 0 4 1 8 8 
S-KY-2 
Top bench 3.7 22.3 1.8 21 11 26 49 12 25 6 2 4 2 1 1 3 1 3 1 
Coal 
6.1 11.5 2.1 26 21 29 58 17 28 7 1 7 1 3 1 5 1 3 2 
6.1 10.8 2.8 27 19 27 58 33 26 9 1 9 2 5 1 4 1 3 2 
4.9 13.9 2.6 22 18 26 60 23 26 8 1 8 1 4 1 4 0 3 1 
6.1 13.5 3.3 16 17 28 62 27 26 10 1 6 2 5 1 4 1 3 2 
8.5 5.0 2.8 57 34 16 20 86 25 13 2 22 3 9 1 3 1 4 4 
6.4 5.0 2.9 59 28 17 8 94 24 11 1 23 3 7 1 3 1 3 3 
6.1 5.6 3.1 42 27 28 57 69 32 13 1 17 3 7 1 4 1 3 3 
7.6 5.1 3.7 25 27 30 69 60 31 18 2 12 4 9 0 4 1 4 5 
6.1 8.3 4.5 34 17 24 31 77 20 15 1 14 4 7 0 2 1 3 5 
6.1 7.4 2.3 75 19 25 51 109 28 6 1 29 1 4 1 2 1 2 1 
15.2 5.3 2.7 47 27 28 30 67 30 10 1 19 2 6 1 4 1 3 2 
9.1 8.6 4.8 26 18 17 20 70 12 16 1 11 5 8 0 1 0 3 6 
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10.7 7.5 2.8 34 28 31 49 45 30 10 1 13 2 6 1 4 1 3 2 
6.7 9.1 2.6 30 28 40 77 35 37 10 1 12 1 5 1 5 1 3 1 
10.7 11.2 2.7 40 34 39 58 51 37 10 1 16 1 6 2 5 1 3 1 
6.7 13.0 4.3 33 28 30 41 64 26 13 1 14 3 8 1 3 1 3 4 
4.3 13.3 6.3 20 28 26 51 66 19 19 1 10 5 10 0 3 1 5 6 
6.1 15.8 3.0 47 49 40 44 62 39 12 2 19 2 10 2 7 2 6 2 
9.1 12.0 2.6 57 52 36 16 68 38 11 2 21 2 10 2 6 2 6 2 
6.1 14.5 2.9 48 49 35 28 58 46 11 2 18 2 7 2 4 1 6 2 
Seat Rock 15.2 87.4  16 18 32 65 12 32 7 1 6 1 2 1 5 1 2 0 
S-IN-1 
Bioturbated 
claystone with coaly 
streaks 
14.3 
84.7 0.2 14 19 41 88 9 42 7 1 5 1 3 2 6 1 2 0 
Coaly claystone 11.9 76.8 0.1 16 18 38 80 7 39 6 1 5 1 3 2 5 1 2 0 13.7 52.2 0.3 18 21 53 117 11 56 10 2 7 1 4 2 6 1 3 0 
Impure coal 7.0 25.3 0.5 20 26 107 258 27 127 25 4 13 1 5 3 7 1 3 0 
Coaly claystone 7.0 54.8 0.3 15 21 41 88 9 47 9 2 6 1 4 2 6 1 3 0 
Coal, clarain, friable 13.7 17.8 0.5 20 25 154 396 46 206 44 7 19 1 5 4 6 1 3 0 
Coaly claystone 13.1 49.0 0.4 14 22 45 97 10 49 9 2 7 1 4 2 6 1 3 0 
Coal, clarain, blocky 6.4 23.5 0.6 18 26 65 141 14 67 12 2 8 1 5 3 7 1 3 0 
Coaly claystone 9.1 41.6 0.4 15 21 45 97 10 48 9 2 6 1 4 2 6 1 3 0 8.2 69.7 0.2 12 20 41 89 9 42 8 1 5 1 3 2 5 1 3 0 
Claystone 9.8 85.2 0.1 10 17 38 82 9 38 7 1 5 1 3 2 5 1 3 0 
Coaly claystone 9.1 57.4 0.3 13 21 48 106 11 50 9 2 6 1 4 2 6 1 3 0 
Coal, rashy 3.7 50.6 0.4 14 23 47 103 10 50 9 1 6 1 4 2 6 1 3 0 
Coal, dull clarain 10.7 15.8 0.6 19 26 64 143 13 66 10 2 7 1 5 3 7 1 4 0 
Coaly claystone 1.5 49.2 0.5 15 23 46 101 10 50 8 1 6 1 4 3 6 1 3 0 
Coal, dull clarain 8.8 12.8 0.6 22 32 72 160 14 73 11 2 9 2 7 3 7 1 4 0 
Coal, bright clarain 15.2 10.2 0.7 22 35 137 319 27 121 18 3 11 1 8 4 7 2 4 0 
Coal, clarain with 
minor fusain and 
clay 
14.6 14.9 0.9 23 31 93 201 16 71 12 2 9 1 6 3 7 2 4 0 
11.0 14.4 2.2 24 56 128 339 38 157 35 5 19 3 11 5 7 2 7 2 
Claystone seat rock 7.9 93.0 0.1 8 19 42 102 9 49 8 1 6 1 3 2 6 1 2 0 10.4 94.7 0.1 7 18 41 107 10 53 8 1 7 1 4 3 7 1 2 0 
S-IN-2 
Coal, clarain with 
small carbonate 
concretion at top 
9.1 
30.7 2.8 41 122 88 193 56 119 21 8 32 6 20 5 10 1 9 3 
Coal, clarain 7.3 16.5 2.9 32 23 39 71 25 40 11 2 9 2 3 2 5 1 4 2 
Coal, dull clarain 7.9 27.8 3.8 14 19 46 94 15 47 13 1 6 2 2 2 5 1 4 1 6.1 29.5 2.9 14 19 46 95 12 46 10 1 6 1 3 2 5 1 3 1 
Coaly claystone 7.6 48.9 1.9 10 19 45 97 10 47 8 1 6 1 3 2 6 1 3 0 
Coal, dull clarain 7.9 17.6 4.5 48 30 21 35 40 25 10 1 14 2 5 2 4 1 4 2 
Coaly claystone 1.8 73.2 0.6 13 18 49 107 10 49 7 1 5 1 3 2 6 1 3 0 
Coal, dull clarain 6.4 17.5 1.9 46 39 40 80 21 47 7 2 13 2 8 3 7 1 5 0 
Claystone seat rock 5.5 82.3 0.9 10 17 43 94 9 43 7 1 5 1 3 2 5 1 3 0 
S-IN-3 
Coal, impure, rashy 9.4 72.2 2.4 43 67 51 97 48 66 12 8 27 6 12 3 7 1 7 2 
Coal, clarain 14.0 17.4 2.5 17 29 40 71 0 51 9 11 7 8 6 2 7 1 12 2 
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Coal, impure with 
sulfur ball and 
permineralized plant 
debris 
8.5 22.6 4.5 23 45 56 129 26 51 30 3 12 4 6 3 6 2 6 3 
Coaly claystone  
14.3 51.7 16.1 31 20 25 28 44 18 34 2 13 4 1 1 2 1 4 5 
11.6 69.3 3.9 19 22 49 111 14 48 12 2 7 1 3 2 5 2 3 1 
15.2 83.8 0.8 19 23 45 106 11 48 9 1 6 1 4 2 5 2 3 0 
15.2 76.1 1.2 20 25 48 112 11 51 10 2 7 1 4 2 5 2 3 0 
15.2 75.8 2.4 20 25 45 107 12 47 10 2 7 1 4 2 5 2 3 0 
15.2 80.7 0.8 19 23 44 101 11 46 9 1 6 1 4 2 5 2 3 0 
15.2 80.6 0.9 18 23 41 97 11 45 9 1 6 1 4 2 5 2 3 0 
15.2 83.2 1.0 18 22 41 94 10 44 9 1 6 1 4 2 5 2 3 0 
15.2 71.9 4.1 20 26 46 112 15 47 13 2 8 1 4 2 5 2 3 1 
15.2 69.9 1.5 20 26 47 111 12 49 10 2 7 1 5 2 6 2 3 0 
13.7 84.2 2.3 18 23 41 95 12 43 10 1 6 1 4 2 5 1 3 0 
Coaly claystone with 
pyrite nodule at top 15.2 78.1 16.6 12 16 30 65 24 24 27 1 6 3 0 1 3 1 4 3 
Claystone 9.1 91.4 0.6 17 21 39 91 10 41 8 1 6 1 3 2 5 2 2 0 12.2 92.5 1.4 15 21 39 91 11 41 10 1 7 1 4 2 5 1 2 0 
Coaly claystone 10.7 80.8 0.7 18 24 45 105 11 48 10 2 7 1 4 2 5 2 3 0 9.1 71.4 4.3 20 28 48 114 16 48 13 2 8 1 4 2 5 2 3 1 
Coal, dull clarain, 
rashy  
10.7 29.0 1.6 34 45 68 165 15 71 13 3 12 2 9 3 7 3 5 0 
10.7 37.1 1.5 26 38 57 136 14 59 11 2 10 1 7 3 7 3 4 0 
8.5 58.2 1.5 21 33 53 125 13 55 11 2 9 1 6 2 6 2 4 0 
7.6 55.2 1.3 20 30 47 110 12 50 10 2 8 1 5 2 6 2 3 0 
6.1 68.2 1.4 19 31 51 119 13 55 11 2 8 1 5 2 6 2 3 0 
8.2 60.5 2.0 19 30 53 121 14 55 12 2 8 1 5 2 6 2 3 0 
7.0 37.7 2.0 24 41 65 151 15 65 13 3 10 2 7 3 7 3 5 0 
Coal, clarain  
7.6 19.8 6.0 37 36 47 84 27 45 19 2 12 3 6 2 6 2 6 2 
9.4 20.0 2.7 30 70 89 224 24 94 22 4 18 3 13 4 9 4 7 1 
9.8 16.0 3.0 30 83 98 260 29 113 30 6 24 4 16 5 10 5 8 2 
11.0 17.8 3.2 28 79 99 252 29 107 28 5 22 4 15 5 10 5 8 2 
Coal, dull clarain 9.4 15.4 3.5 29 87 98 261 34 119 35 6 26 4 17 5 10 5 9 2 
Coal, dull clarain, 
rashy  
10.4 29.4 3.2 24 54 81 195 22 80 19 3 13 2 10 4 8 4 6 1 
11.6 29.2 3.9 24 49 74 177 22 73 19 3 12 2 8 3 7 3 6 1 
11.6 38.1 3.8 24 39 65 152 18 64 16 2 10 2 6 3 6 3 5 1 
9.8 62.9 2.3 20 31 53 123 14 55 12 2 8 1 5 3 6 2 3 0 
8.5 43.4 12.5 15 24 38 86 27 35 31 1 8 3 1 2 3 1 4 4 
9.8 79.6 1.3 18 25 51 117 13 52 11 2 7 1 4 2 6 2 3 0 
Coaly claystone seat 
rock 24.4 85.5 1.1 16 25 51 118 13 54 11 2 8 1 4 3 6 2 3 0 
S-IN-4 
Roof Rock 2 (Top) 12.2 93.7 0.0 13 22 42 85 17 44 11 1 8 1 1 1 5 1 3 1 
Roof Rock 1 12.2 94.2 0.0 12 22 43 91 17 45 11 1 8 1 1 1 5 1 3 1 
Coal 
13.7 14.4 2.7 35 34 34 72 30 36 11 2 9 3 0 1 3 2 5 2 
15.2 13.6 6.4 13 27 45 109 66 29 26 2 9 7 17 0 2 2 6 8 
15.2 6.4 0.7 28 74 90 223 25 90 20 4 21 1 10 3 10 5 5 0 
15.2 1.8 0.7 51 126 133 285 32 112 32 6 28 2 23 5 16 23 11 1 
Shale 15.2 3.0 0.7 122 129 297 650 73 323 70 13 38 2 25 6 8 14 16 2 
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13.7 92.6 0.0 15 25 47 94 19 48 13 2 9 1 2 1 6 1 3 1 
19.8 91.8 0.0 15 26 48 91 20 49 13 2 9 1 1 1 5 1 3 1 
15.2 92.1 0.0 15 26 48 91 21 50 13 2 9 1 1 1 5 1 3 1 
16.8 92.1 0.0 15 26 47 86 20 49 13 2 9 1 1 1 5 1 3 1 
15.2 92.2 0.0 15 25 47 85 20 49 13 2 9 1 1 1 5 1 3 1 
12.2 92.2 0.0 15 25 45 80 19 47 13 2 9 1 1 1 5 1 3 1 
18.3 92.0 0.0 15 26 48 88 21 50 13 2 10 1 1 1 5 1 3 1 
12.2 91.7 0.0 15 26 46 83 20 47 13 2 9 1 1 1 5 1 3 1 
16.8 92.0 0.0 15 25 44 82 19 47 13 1 9 1 1 1 5 1 3 1 
15.2 92.3 0.0 15 25 47 95 19 48 13 2 9 1 1 1 5 1 3 1 
Coal 15.2 3.7 0.7 74 87 228 526 59 243 49 7 25 1 17 4 6 8 10 2 
2 ft. of coal is lost 
beneath this segment 15.2 10.4 0.6 50 55 67 151 45 75 20 4 27 1 12 3 8 3 4 1 
Seat Rock 1 11.6 92.0 0.0 23 61 47 138 23 78 25 5 27 3 15 3 8 1 4 0 
Seat Rock 2 
(Bottom) 12.2 94.0 0.0 16 19 30 71 9 27 7 1 6 0 1 1 6 1 3 0 
H-KY-1 
Top bench  9.1  29 18 17 17 56 23 21 6 6 13 6 0 3 1 12 13 
Coal 
 9.0  43 26 25 57 41 27 10 1 14 3 7 0 4 1 4 5 
 30.2  30 16 31 75 40 30 15 1 13 4 8 0 3 0 3 5 
 4.0  68 38 21 52 50 23 17 2 18 5 12 0 5 1 6 7 
 3.0  41 52 40 99 35 47 17 2 16 4 12 1 6 1 6 5 
 3.2  40 51 45 110 36 53 17 2 17 3 11 1 6 1 5 4 
 5.3  33 35 52 127 34 56 16 2 14 2 9 1 5 1 4 3 
 6.0  63 35 28 65 70 33 11 2 24 3 8 1 4 1 3 3 
 18.9  38 20 20 57 55 21 18 1 17 5 9 0 1 0 3 6 
 5.3  46 39 49 125 48 58 13 2 19 2 8 2 5 1 3 2 
 3.7  44 46 33 81 40 42 11 2 17 2 9 2 6 1 4 2 
 4.6  44 46 35 84 42 41 13 2 17 3 10 1 6 1 5 3 
 12.7  25 32 52 121 19 51 11 2 9 1 7 2 6 1 4 1 
 7.2  48 54 45 100 31 48 12 2 15 2 11 3 8 2 6 2 
 29.3  14 10 14 32 24 0 25 0 6 7 11 0 0 0 5 10 
 10.1  57 37 36 75 32 34 11 2 13 3 9 2 6 1 5 3 
 10.7  63 44 60 133 39 66 13 3 15 3 8 2 7 2 7 2 
Blue Band  85.5  14 23 66 160 17 63 13 2 10 0 6 2 5 1 2 0 
Coal  6.6 
 94 60 154 375 75 161 28 7 21 5 9 3 8 4 10 3 
 6.5  89 53 23 48 36 21 17 2 15 5 15 1 7 1 8 6 
Steel Band  59.0  2 3 6 16 22 0 29 0 3 9 12 0 0 0 5 13 
Coal 
 10.5  30 29 14 31 30 4 24 1 10 8 14 0 3 0 6 10 
 7.7  36 44 15 37 40 13 20 1 15 6 14 0 4 1 6 8 
 5.5  64 58 29 66 43 34 14 2 18 4 12 2 7 1 7 4 
 8.6  33 39 33 78 30 38 12 2 13 3 8 1 5 1 4 3 
 25.5  9 8 11 28 26 0 29 0 5 8 12 0 0 0 5 12 
 10.3  27 30 18 43 28 15 17 1 10 5 10 0 4 0 5 6 
 21.4  14 18 19 43 18 11 17 1 6 5 9 0 3 0 4 6 
 15.7  14 16 8 20 23 0 26 0 5 8 13 0 1 0 6 11 
 15.6  26 21 12 28 18 4 17 1 6 5 10 0 3 0 6 7 
 9.3  73 57 15 10 43 54 9 4 15 6 1 2 8 1 11 3 
Seat Rock  92.5  20 17 33 71 11 32 6 1 5 1 4 1 4 1 3 0 
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H-KY-2 
Roof Shale 4.9 72.1 4.6 54 69 64 106 81 69 8 3 33 3 11 2 7 1 5 2 
Coal 
9.1 6.3 3.8 54 17 16 32 77 15 2 2 21 5 8 0 4 4 5 6 
6.1 8.5 4.1 41 15 16 33 60 14 3 1 17 3 7 1 3 2 3 4 
7.6 8.1 3.6 41 19 20 41 55 19 4 1 17 3 7 1 4 2 4 3 
Coal with coalballs  
7.9 19.3 3.3 71 14 14 31 95 16 0 1 31 2 4 1 2 1 2 2 
7.0 12.7 3.7 54 19 19 43 72 22 0 1 24 2 5 1 3 1 3 2 
6.1 29.3 4.2 39 13 18 43 59 24 2 1 20 2 5 1 3 1 2 2 
6.1 38.2 13.2 42 5 3 9 87 0 4 0 20 5 11 0 0 0 3 6 
Coal 
1.8 3.7 2.6 30 65 39 81 31 43 14 2 15 3 12 2 9 3 6 2 
8.5 4.9 2.6 29 59 38 77 31 40 12 2 15 3 10 2 8 2 6 2 
6.1 14.0 3.0 66 17 18 38 86 20 0 1 29 2 5 1 3 1 2 2 
6.1 13.8 3.2 57 17 17 36 71 19 0 1 25 2 4 1 3 1 2 2 
6.1 36.1 4.0 47 15 20 46 68 26 0 1 25 2 4 1 3 0 2 1 
6.1 30.8 5.0 73 8 6 11 106 5 0 0 34 2 5 1 0 0 2 2 
3.0 38.1 5.9 75 9 6 13 115 6 0 0 36 3 6 0 0 0 2 3 
4.6 18.7 11.6 20 9 9 23 75 0 16 0 11 7 16 0 0 1 4 9 
6.1 16.5 5.8 55 12 9 21 92 7 0 0 27 4 9 0 1 1 3 4 
4.6 13.4 2.4 24 37 44 88 21 41 9 2 10 1 5 2 7 1 4 1 
4.6 7.2 2.4 39 62 46 93 30 46 11 2 15 2 9 2 8 2 6 2 
4.6 24.6 11.6 19 26 27 57 53 17 18 1 8 6 15 0 2 1 5 7 
0.6 5.5 2.8 91 121 39 74 42 46 11 5 20 7 3 4 11 4 14 4 
Blue Band 6.1 86.4 0.9 14 34 65 137 17 65 14 2 12 0 6 2 8 1 3 0 
Coal 
6.4 19.1 8.6 37 28 16 33 68 7 13 1 13 7 14 0 2 1 6 7 
5.5 9.6 4.6 59 74 34 69 47 28 14 2 14 6 16 2 9 4 10 6 
6.1 8.4 4.7 55 99 59 129 64 57 21 3 21 6 25 3 12 4 13 7 
6.1 8.7 3.6 58 113 78 164 62 78 21 4 26 4 25 5 15 5 15 5 
4.6 24.4 8.1 24 40 44 87 39 37 16 2 8 5 7 1 5 2 7 5 
Seat Rock 4.6 92.0  18 22 54 115 15 54 11 2 9 0 3 2 6 1 3 0 
H-KY-3 
Top coal 45.7 20.7 10.3 20 45 28 66 35 30 42 2 10 4 1 1 5 2 7 7 
Middle Rock 9.1 87.6  12 18 65 162 19 72 15 2 8 1 3 3 6 1 2 1 
Bottom Coal 85.3 11.5 5.2 20 43 39 98 29 39 34 2 11 4 4 2 5 4 6 4 
H-IL 
Roof Shale 15.2 80.0 2.0 23 30 42 78 14 33 6 2 7 2 7 1 4 1 4 2 
Coal, clarain 
14.6 7.0 2.9 27 24 24 43 18 26 11 4 6 5 7 0 4 1 7 8 
4.6 5.6 2.1 47 35 27 55 24 27 6 2 11 2 8 1 5 1 5 4 
11.3 15.1 2.6 22 27 57 119 18 45 9 3 8 2 7 1 5 1 5 3 
12.8 6.4 2.2 32 33 38 81 19 34 8 2 9 2 8 1 5 1 4 4 
15.8 7.2 2.4 23 34 41 94 18 37 11 2 9 2 9 0 5 1 4 4 
6.1 9.9 2.1 26 35 52 115 17 46 9 2 9 1 9 2 6 1 4 2 
10.1 10.4 2.8 25 36 52 111 17 42 12 2 9 2 10 1 5 1 4 3 
9.1 4.3 2.3 36 54 32 65 25 31 11 2 13 2 12 1 6 1 5 5 
7.6 6.4 2.1 35 42 37 76 23 35 8 2 12 2 9 1 6 1 4 4 
7.0 5.6 2.1 30 49 43 88 17 37 11 2 10 2 11 2 6 1 5 4 
4.6 11.2 2.6 25 33 45 88 12 34 10 2 7 2 8 1 5 1 4 3 
7.6 17.0 4.7 29 32 37 75 16 33 13 2 7 2 9 1 4 1 6 5 
Blue Band Parting 4.6 84.2 0.0 7 12 54 117 14 39 10 1 5 0 0 0 3 0 2 2 
Coal, clarain 18.3 12.6 3.2 31 41 59 133 21 48 14 2 10 2 11 2 6 1 7 4 
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9.8 11.8 2.5 34 48 54 115 20 45 11 2 10 2 11 2 6 1 6 3 
Steel Band Parting 2.4 57.1 32.5 3 6 22 48 24 0 32 1 5 5 11 0 0 0 5 14 
Coal, dull clarain 25.3 16.2 4.6 24 33 58 132 22 45 19 2 9 2 11 1 5 1 6 6 
Seat Rock 15.2 93.5 0.0 18 17 48 110 10 43 8 1 6 1 5 1 4 1 3 0 
B-W-1 
Roof Rock 9.1 75.4 16.0 21 24 34 49 43 28 42 1 12 1 0 1 2 0 3 3 7.6 87.9 8.4 44 29 32 35 62 31 18 1 24 1 2 2 3 0 3 2 
Coal (Top of Bed) 10.4 15.0 7.9 57 98 18 31 55 25 101 4 18 6 9 2 5 1 14 7 
Coal 11.9 12.8 7.0 39 66 22 43 57 19 105 2 15 2 0 1 5 1 9 7 
Claystone Parting 5.2 87.4 1.7 15 29 36 92 13 39 11 1 11 0 4 3 5 1 2 0 
Coal  
9.8 15.0 3.2 41 104 268 503 62 180 49 6 37 0 18 8 9 3 7 2 
9.4 8.4 7.6 22 24 5 1 84 -2 136 0 13 1 0 0 0 0 5 9 
12.2 7.4 3.2 35 27 22 35 45 25 43 1 12 2 0 1 1 0 5 3 
8.8 16.0 5.0 93 111 46 82 40 49 51 7 22 12 23 4 7 2 19 4 
Claystone Parting  
12.2 87.6 2.9 35 66 157 339 40 143 34 6 26 0 14 6 9 2 6 1 
18.0 85.5 5.0 23 43 47 104 23 51 27 2 12 1 6 3 6 1 5 1 
20.7 84.5 11.4 18 53 52 120 28 52 39 3 21 2 9 3 5 1 4 2 
Coal 
11.3 8.6 2.5 31 103 89 228 40 97 47 5 27 2 17 5 10 2 9 3 
11.9 18.1 2.1 23 89 75 190 30 88 32 4 28 2 17 5 9 2 7 1 
11.0 5.6 2.1 60 152 66 179 49 100 56 7 42 6 32 6 14 2 14 4 
9.4 15.9 2.5 41 81 136 313 40 117 35 4 24 2 16 6 9 2 9 2 
Claystone/Fusain 
Parting 5.5 45.5 1.4 27 55 94 205 21 73 14 2 14 0 10 4 7 2 6 0 
Coal 12.2 12.2 2.6 73 194 111 300 45 132 51 7 46 5 42 9 19 4 18 4 
Claystone Parting 8.8 72.1 5.3 20 32 51 114 20 45 21 2 10 1 4 3 4 1 4 1 8.5 78.6 2.9 20 36 46 113 18 48 12 2 12 1 7 2 5 1 4 1 
Coal 12.2 39.6 3.6 26 57 60 138 28 58 15 3 16 2 10 2 7 2 6 2 6.7 24.9 4.5 96 57 12 0 128 19 2 2 40 3 9 2 4 1 5 4 
Claystone Parting 3.4 55.5 2.0 18 45 61 139 19 57 14 3 14 1 9 2 6 1 4 1 
Coal 
9.8 23.8 4.3 94 58 12 0 126 20 3 2 40 3 9 2 4 1 6 4 
7.9 12.2 2.0 38 83 63 149 43 70 17 4 24 2 16 3 8 2 7 2 
5.5 9.7 2.1 26 93 59 158 35 73 21 4 23 3 16 3 9 2 8 3 
Seat Rock (Top) 9.1 93.5 0.8 20 26 49 109 16 43 9 1 7 0 4 2 5 1 3 1 
Seat Rock (Base) 9.1 93.7 0.9 4 5 24 28 11 23 4 1 4 1 0 1 4 0 1 0 
B-W-2 
Roof Rock 31.4 92.1 0.5 16 27 42 80 18 41 10 1 10 1 4 1 5 1 3 0 39.0 92.4 0.4 17 26 45 93 18 42 10 1 9 0 4 1 5 1 3 0 
Coal (Top of Bed) 139.0 9.5 3.6 73 126 28 67 31 27 16 4 25 4 22 4 13 2 13 3 
Coal 140.2 11.1 5.1 40 29 23 42 45 16 16 1 8 3 0 0 3 0 7 3 138.7 21.3 15.8 12 25 11 17 68 1 24 1 7 1 0 0 1 0 7 5 
Claystone Parting 86.6 82.1 1.4 17 24 29 72 11 29 7 1 8 1 4 1 5 1 3 0 
Coal 126.2 22.2 2.8 23 29 74 145 24 52 10 3 11 3 2 2 6 1 5 0 
Claystone Parting 79.2 81.2 0.7 24 110 199 476 48 170 34 6 32 0 22 4 10 3 5 0 
Coal  
136.6 4.4 1.3 85 78 81 191 35 80 16 4 20 3 13 3 8 2 8 0 
137.5 6.5 5.2 18 24 5 11 76 0 25 1 6 0 0 0 0 0 8 6 
126.8 12.9 3.6 40 32 32 68 29 26 11 1 7 1 1 1 3 1 6 1 
145.1 8.8 5.8 14 56 12 19 64 7 25 2 12 2 -3 0 3 0 9 5 
147.8 21.1 10.7 28 112 7 2 51 1 19 2 15 4 12 2 8 1 12 5 
131.1 23.6 8.5 52 48 11 4 41 14 12 4 8 7 4 1 2 1 11 3 
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Claystone Parting 85.0 88.8 0.5 22 28 61 147 15 52 10 2 9 0 4 2 7 1 3 0 86.3 87.4 2.2 21 39 78 171 21 71 16 3 14 1 7 2 7 1 4 0 
Coal 
135.3 6.2 2.7 91 63 32 52 45 44 13 7 14 11 10 2 1 2 14 3 
156.1 9.2 1.5 26 36 40 90 27 38 9 2 13 1 4 2 5 1 3 0 
152.4 10.6 2.7 24 31 35 79 36 34 11 2 13 1 1 1 4 1 4 1 
152.4 8.1 4.5 16 29 19 38 61 11 18 1 9 1 0 0 1 0 5 4 
158.2 5.9 4.1 14 42 16 42 66 10 22 1 11 2 0 0 1 0 6 4 
149.4 6.3 4.2 16 55 22 52 61 22 22 2 14 2 0 1 2 0 7 4 
131.1 6.3 3.3 19 70 26 58 50 26 22 2 15 3 0 1 5 1 8 3 
Coal/Fusain/Pyrite 
Layer 89.9 44.1 21.2 10 13 28 42 53 10 18 1 4 2 0 0 0 0 5 4 
Coal 111.9 27.7 7.8 18 45 34 119 46 56 23 3 16 2 4 1 5 1 5 2 141.7 9.9 3.2 26 48 36 100 38 47 16 2 14 2 5 1 5 1 6 1 
Claystone/Fusain 
Parting 52.4 24.8 3.7 75 35 9 -1 107 14 0 1 35 1 2 1 2 1 3 2 
Coal 
140.8 9.0 2.6 21 36 33 82 32 33 11 1 11 1 2 1 5 1 5 1 
148.4 11.1 2.0 22 32 37 79 26 37 10 2 11 1 3 1 5 1 3 0 
108.5 23.2 7.5 25 86 46 121 52 66 26 5 23 4 12 2 6 1 8 3 
107.0 19.2 5.6 27 44 40 100 37 43 16 2 12 2 3 1 5 1 6 2 
Claystone Parting 82.3 79.2 7.2 14 31 55 128 23 44 12 2 10 0 4 1 5 1 4 0 
Coal 103.0 14.4 5.6 30 35 31 55 43 32 14 3 11 3 1 1 3 1 7 2 
Seat Rock 75.3 85.9 4.0 23 70 40 99 21 58 20 4 21 3 16 2 7 1 4 0 65.5 88.9 4.3 19 16 27 48 12 19 5 1 5 0 1 1 4 1 3 0 
B-W-3 
Top Rock 15.2 95.6  18 21 40 91 12 49 9 1 6 1 4 3 5 1 3 0 
Middle Coal 94.5 21.0 4.9 28 45 59 131 27 69 24 3 12 4 7 3 7 2 7 3 
Middle Rock 21.3 88.9 0.9 19 27 61 144 14 69 11 2 8 1 6 3 8 1 3 0 
Bottom Coal 137.2 16.1 5.9 35 33 25 53 51 26 28 2 15 4 2 2 4 1 5 5 
B-W-4 
Roof Shale 15.2 85.0 6.1 18 41 41 94 19 46 20 3 15 3 12 0 5 1 4 3 
Coal 
10.7 7.9 2.6 75 84 25 30 26 136 16 8 13 10 12 1 6 3 16 7 
6.1 7.4 2.4 58 69 30 65 24 38 14 2 14 3 15 2 10 2 8 4 
6.1 6.2 2.8 52 73 27 60 29 32 20 2 15 4 17 0 9 2 9 6 
4.6 5.0 2.6 50 86 51 112 32 53 25 3 19 5 20 1 10 3 10 7 
11.0 26.7 2.9 18 32 107 230 24 82 16 2 8 1 8 2 6 3 4 2 
5.8 20.6 2.4 22 37 39 84 13 41 10 2 9 1 9 2 7 1 4 1 
9.1 13.9 4.5 39 66 17 37 46 30 27 4 27 5 17 0 6 1 6 6 
12.2 5.4 2.9 27 77 27 66 23 37 23 3 16 4 17 0 8 2 7 6 
9.1 54.5 2.9 22 90 54 123 17 57 15 3 18 2 14 3 9 2 5 1 
13.7 16.0 5.9 39 79 23 54 21 25 26 2 16 4 19 0 9 2 9 7 
13.7 10.7 6.1 84 97 18 32 27 48 32 6 20 10 24 0 9 2 15 11 
Parting 27.4 83.6 2.0 22 43 71 164 17 72 14 2 11 2 10 3 8 2 4 1 
Coal 
12.2 20.6 7.9 49 81 9 13 19 25 25 4 13 7 20 0 7 1 12 8 
12.2 21.1 9.7 29 168 15 56 31 29 42 3 26 8 33 0 12 3 14 11 
9.1 20.6 9.8 23 185 26 100 36 52 48 4 31 8 35 0 12 3 14 12 
11.6 12.5 5.6 19 259 53 186 42 92 51 6 42 9 42 2 16 5 16 10 
12.5 10.5 4.4 15 320 102 346 58 172 60 9 53 9 47 5 19 7 17 9 
12.5 13.2 4.4 11 345 101 432 71 249 76 12 67 9 48 6 19 8 16 8 
10.7 22.5 4.9 35 40 50 100 19 39 17 2 8 3 12 0 6 2 6 4 
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16.8 27.1 5.4 44 43 50 96 24 43 16 2 10 3 12 0 6 2 6 4 
Seat Rock 15.2 84.3 3.5 17 15 59 119 13 40 8 1 4 1 5 1 5 2 3 1 
B-W-5 
Roof Shale 7.6 88.4  18 30 42 85 14 54 14 2 9 2 6 2 5 1 4 1 
Coal 
7.6 8.2  105 97 30 61 30 164 41 8 22 10 19 4 6 3 18 7 
6.1 54.3  23 35 73 154 18 67 16 2 9 2 6 3 6 1 5 1 
6.1 52.4  23 34 82 173 19 79 17 3 9 2 7 3 6 1 5 1 
9.1 57.8  21 31 74 158 18 80 16 3 9 2 6 3 6 1 5 1 
Parting 
7.6 90.5  16 23 46 104 11 52 9 1 7 1 4 2 6 1 3 0 
7.6 90.8  15 21 43 97 11 47 9 1 6 1 4 2 5 1 3 0 
10.7 91.5  15 22 44 100 11 49 10 1 6 1 4 2 6 1 3 0 
9.1 87.2  17 32 47 103 11 49 11 2 12 2 8 3 7 1 3 0 
Coal 
9.1 7.1  98 97 18 22 12 155 45 15 29 17 24 4 6 2 22 6 
9.1 16.8  47 88 25 56 20 38 27 3 21 5 18 4 11 2 9 3 
16.8 24.5  21 31 20 43 29 19 38 1 9 4 2 1 4 1 6 5 
Parting 21.3 89.5  17 27 65 154 14 70 11 2 8 1 6 3 7 1 3 0 
Coal 
10.7 9.9  29 171 9 11 42 0 60 3 30 10 28 5 14 3 17 9 
10.7 9.5  26 57 24 49 40 26 38 2 18 5 8 2 6 1 7 5 
7.6 22.3  11 32 32 68 32 31 39 2 12 4 2 2 4 1 5 5 
10.7 13.7  23 39 30 60 39 28 34 2 13 4 3 2 4 1 5 5 
10.7 16.7  41 44 24 44 59 21 34 2 19 5 5 2 4 1 5 5 
13.7 18.9  49 41 15 20 68 10 36 2 20 5 4 2 3 1 6 6 
12.2 13.8  19 40 48 110 35 46 35 2 13 4 5 2 5 1 6 4 
10.7 41.7  1 6 12 24 47 -9 68 0 6 6 0 0 0 0 5 10 
10.7 12.8  24 49 65 158 36 69 37 3 15 4 8 3 7 1 7 4 
13.7 13.1  57 51 50 118 52 53 36 3 19 4 9 3 6 1 7 5 
12.2 17.0  45 39 47 106 32 88 30 3 14 4 8 3 4 1 7 4 
Seat Rock 12.2 87.3  16 20 60 151 16 69 14 2 10 1 5 3 5 0 2 0 
B-E-1 
Top Coal 118.9 13.9 6.6 13 29 26 65 38 24 54 2 12 5 0 1 2 4 6 7 
Middle Rock 152.4 57.3 1.6 22 39 65 152 19 73 15 3 10 2 8 3 7 1 4 1 
Bottom Coal 76.2 8.6 2.9 25 77 38 95 26 51 29 3 18 4 12 3 9 4 8 4 
B-E-2 
Coal (top) 10.4 13.9 3.8 36 49 40 99 22 42 21 2 10 3 13 2 7 2 6 5 
Coal 
9.8 12.2 6.2 17 48 22 54 34 17 36 1 11 4 16 1 4 1 7 11 
9.1 5.0 4.1 161 106 13 26 35 35 41 3 23 7 30 3 9 2 16 15 
4.6 26.5 3.1 34 61 38 95 15 47 15 2 12 2 13 3 9 2 6 3 
Coal (base) 7.3 13.7 4.4 28 61 33 84 25 38 25 2 13 3 15 3 7 2 7 7 
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APPENDIX 5.  ANALYSIS OF THE FLOAT-SINK SUBSAMPLES 
Appendix Table 3  Specific gravity, weight, ash yield, sulfur content, and mineral matter 
content of the subsamples obtained through consecutive float-sink procedures 
Sample 
number 
Specific 
Gravity 
range 
Average 
specific 
gravity 
Fraction of the 
parent sample 
(%) 
Ash yield 
(%, dry 
basis) 
Sulfur 
(%) 
Mineral matter 
(from Parr 
formula) 
1 -1.3 1.25 30.3 3.22 2.34 4.76 
2 +1.3-1.5 1.4 21.0 9.91 3.60 12.68 
3 +1.5-1.7 1.6 7.0 22.89 6.01 28.03 
4 +1.7-2.0 1.85 3.2 40.29 7.39 47.58 
5 +2.0-2.4 2.2 2.6 60.5 6.34 68.83 
6 +2.4-2.9 2.65 28.9 87.59 1.73 95.55 
7 +2.9 3.2 7.0 74.29 28.99 96.18 
 
Appendix Table 4  Major and minor oxides from XRF analysis 
on the ashes of the float-sink subsamples 
Sample 
number 
SiO2 
(%) 
Al2O3 
(%) 
Fe2O3 
(%) 
CaO 
(%) 
MgO 
(%) 
MnO 
(%) 
Na2O 
(%) 
K2O 
(%) 
P2O5 
(%) 
TiO2 
(%) 
BaO 
(%) 
SrO 
(%) 
SO3 
(%) 
1 36.10 20.67 28.03 2.39 1.00 0.04 0.14 2.44 0.13 1.74 0.05 0.08 2.23 
2 41.01 21.86 26.78 0.94 0.89 0.03 0.02 2.61 0.12 1.31 0.05 0.03 0.83 
3 41.95 21.91 27.03 0.89 0.84 0.02 0.00 2.55 0.15 1.10 0.05 0.03 0.87 
4 45.40 24.04 22.09 1.04 0.96 0.02 0.00 2.84 0.19 1.01 0.06 0.04 1.30 
5 52.17 26.77 14.79 1.00 1.13 0.02 0.07 3.27 0.24 1.04 0.08 0.07 1.44 
6 58.10 29.41 5.32 0.48 1.09 0.01 0.05 3.26 0.28 1.20 0.06 0.12 0.62 
7 26.99 12.37 52.02 1.22 0.66 0.06 0.22 1.73 0.20 0.41 0.37 0.06 2.32 
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APPENDIX 6.  ESTIMATION OF GYPSUM IN FLOAT-SINK SUBSAMPLES 
Appendix Figure 21 (A) shows the SO3 content in the float-sink subsamples 
obtained by XRF. The high SO3 concentrations at the lower and the upper end of the 
specific gravity range are due to the remnant sulfur from decomposition of pyrite. Pyrite 
occurs in significantly lower concentration in middle range than the both ends. Therefore, 
the middle spike in the SO3, which is a decorrelation from the pyrite content, can be 
attributed to the occurrence of a sulfate mineral, likely gypsum. Appendix Figure 21 (B) is 
the estimation of the gypsic SO3 on this basis. 
 
 
Appendix Figure 21  SO3 concentration analyzed by XRF (A), and 
the estimated gypsic SO3 (B) 
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